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FOfieWORO 


This technical rep<irl presents the restilts ol the Orhit Transfer Vehicle Knjjine Study. 
The study wus conducted by the Pratt ^ Whitney Airc’^alt Gnuip, Government Products 
Division <»f the I'nited 'Pechnolo^iies CorfMiraticm for the National Aeronautics ind Space 
AdministraliitnV (iettr^e C. Marshall Space Kli|iht Center under contract NAS8-‘tH444. 

The results of the study are contained in the hdlowinp three volumes which are 
submitted in accordance with the data retjuirements of Ctmtract NASH ;l’U44. 

Volume I -- Kxeculive Summary 
Volume II — Final Technical He|iort 
N'olume III - Program ('(»sts 

This study was initialed in .July 1979 with the technical effort completed in eight months 
and the final re|x»rt delivered April 19Ht). The study eff«>rt was conducted under the direction 
of the George C. Marshall Space Flight On ter Science and Kngineering Organization with 
Mr. Dale H. Blount as ('ontracling OificerV Representative. 'Fhe effort at P^WA/GPI) was 
carried <iut under the direction of James R. Hrowr>, I’rogram Manager. 

The following individuals have presided significant c(»ntrihutions in the preparation of 
thi.s report. 

('harles I). Iameri<*k - Systems Performance Analysis 

l)f>nal(l K. (Jailer - Kngine Cvrle Analysis 

l*hilip S. J'h<unps(m - Programatics and C«/sl Analysis 
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SECTION 1 
INTRODUCTION 


The objective of the Orbit Transfer Vehicle (OTV) engine study was to provide para- 
metric performance, engine programmatic, and cost data on the complete propulsive spectrum 
that is available f(»r a variety of high eitergy, space-maneuvering missions. The OTV is planned 
as a high-performance propulsive stage which can be used, in conjunction with the Space 
Shuttle, to deliver/supporl large payloads platforms to geosynchronous earth orbit (GEO) and 
other orbits beytmd low earth orbit (LEOI. Its role is similar to that of the “full capability” 
Space Tug defined in 1974 with the primary difference that the OTV will eventually he 
man- rated. This engine study was conducted to satisfy a set of technical requirements derived 
around the Ol'V system t(. provide l)oth engine system parametric data and preliminary 
engine designs. 

This study a<ldresses the propulsion system spectrum by covering candidate OTV engines 
from the near-term ULIO (and its derivatives) to advanced high-performance expander and 
staged-combuslitm cycle engines. A study plan flow diagram identifying program objectives is 
shown in Figure I-l. The RLIO/RUO derivative performance, cost and schedule data were 
updated and provisiims defined which would be necessary to accommodate extended 
iow-llmist operation. Parametric performance, weight, envelope, and cost data were generated 
for advanced expaiuler ami stnged-combusti(»n O'rV engine concepts. A prepoint design study 
was conducted to optimize thrust chamber geometry and cooling, engine cycle variations, and 
controls UiT an advanced expander engine. Operaticai at low thrust W'as defined for the 
advanced expander engine and the feasibility and design impact of kitting was investigated. An 
analysis of crew .safety and mission relialdlity w'as conducted for both the staged-combustion 
and ad\anced expander O'fV engine candidates. 

The schedule followed by Pratt & Whitney Aircraft during the performance of these 
activities is shown in Figure 1-2. Results of the study are detailed in the following sections of 
this rep(»rt. Engine definition and recpiirements are provided in Section 2, parametric studios 
are discussed in Section 11, and Sections 4 and a present the advanced expander engine 
optimization and low’ thrust operation, respectively. Crew safety and engine reliability are 
discusse<i in Section i with engine program plans and estimated costs in Section 7. ('onclusions 
and recommendati(His are presented \n Sections 8 and 9. 
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SECTION 2 

8ASEUNE ENGINES 


2.0 GENERAL 

Three of the enj^ines defined under Contract NAS8'28989 (the RLlO Derivative IIA, I!B 
and Catet^ory IV> were updated during this study. In addition, the Derivative IIC was added to 
provide data on a moderately hlgh-perf(»rmance engine for use in an early operational orbital 
transfer vehicle tO'rV). Further, the Advanced Expander Cycle engine which is a new “1980 
state-of-the-art” high performance OTV engine candidate, was added. The |)rimary technical 
aspect of the KMO derivative engine updating is related to the predicted specific impulse 
values for the engines. Since the previous study was completed in 1973, testing with LO./LH^ 
of high-area-ratio nozzles (tiie ASK at 175 to 1 and 400 to 1 and the RLU) at 2u5 to 1) has 
indicated that the accepted JANNAF procedures (see Figure 2-1) for predicting engine specific 
impulse are conservative. Figure 2-2 presents a comparison of JANNAF-prcdicted performance 
and test data at a mixture ratio of 6 to 1. Figure 2-3 presents this data as a ratio of mea- 
sured to- predicted specific imp\ilse and shows an appa.’^ent correlation of the difference with 
nozzle area ratio ^approximately a 1.3\ error at the 4(K> to 1 area ratio data point). It is 
probable that this difference is due to difficulties in accurately predicting bt)undarv-layer loss 
characteristics of high-area-ratio nozzles. Since the engine^ of this study all have high area 
ratio ii(»zzles (up to approximately 9()0 to 1) it was desirahl? to use a performance prediction 
technique which provided a l>ettcr correlation with the measared data if possible. It was found 
that replacing the nozzle houndary-layer-Ioss procedure with a simplified procedure 

for calculating nozzle wall friction Itjss as a function of Mach number and gas properties 
produced such a result. 3'his simplified procedure produced results averaging approximately 
0.2‘i greater llian the measured data (w^orst case 0.42^i ) and did not correlate with nozzle area 
ratio (see Figure 2-3). 'I'his technique was used for all specific impulse predictions of this study 
including an adjustment of -l).2'r . 

Additionally, the weight of the updated engines was adjusted to reflect the use of a 
carl)o-coni|)osite radiation-cooled extendible nozzle rather than the sheet -metal dump-cooled 
design used in the previous study. The baseline engine design point characteristics of each 
engine at lo.OtUt il) thrust are summarized in Table 2.1. 

A general <les<riplion of the performance and operating characteristics of the baseline 
RlJtJ Derivative ll.A. 11!^. I IK, ('alegory IV and Advanced Kxpniuler (\vcle engines are given in 
the following paragrapfjs. A m(»re detailed descriplioii of these tmgines (except the Derivative 
IK' ami the Advanced Kxpander (\vcle) may l>e found in P&WA Repi»rt KR-(>011, “Design 
Simlv of KlJtt Derivatives, Final Report. 15 December 1972.” 
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• Designates JANNAF Connputer Programs 

(1) Engine Steady-State Computer Program 

(2) Predicted Using Techniques and Programs Developed 

During Previous Rocket Engine Programs 

(3) Program Developed at P&WA for Bell Nozzle Design 

Uses Method of Characteristics Calculations 

fO 1MM4 

Fif^ure 2-1. Performance f^ediction Prof^rams 



Fif^ur 2-2. Comparison of JASNAF-IWdictcd Performance With Test Results 
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TABLE 2 1. BASELINE ENGINE DESIGN POINT CHARACTERISTICS 



Ptrii*ativr 

itA 

Derivative 

HR 

Dcrii'attoe 

lie 

Catefiory 

IV 

Adi*anced 

Expander 

Full Thnut (v«c), lb 

15,000 

15,000 

15,000 

15,000 

15,000 

Mixture Fl«tio. Nominal 

6.0 

6.0 

6.0 

6.0 

6.0 

Chamber Pressure, psia 

400 

400 

400 

915 

1505 

Specific Impulse, sec 

4S9.H 

459.8 

458.6 

471.7 

412.0 

Required Inlet Conditions (Full Thrual) 





Fuel, NPSP, p«i 

0 

0.5 

2 

0 

0.5 

Oxidizer, NPSP. psi 

0 

4 

4 

0 

1 

Installed Length, in. 

55 

55 

55 

55 

60 

Weight, lb 

431 

.392 

374 

371 

391 

Nozzle Area Ratio 

205 

205 

205 

388 

640 

Engine Life, Firings/hr 

190/5* 

190/5* 

10/1.25" 

300/10* 

300/10* 

Engine Conditioning 

Tank' Head 

Tank-Heiid 

Overboard 

Tank'Head 

Tank'Head 


Idle 

Idle 

Dump 

Idle 

Idle 




Cooldown 



Maneuvering Thrur.t Capability 

Yea 

Yea 

No 

Yes 

Yea 

(pumped idlel 






Development Prognim 






Time to FFC. M<i. 

64 

58 

37 

80 

89 

Cc»st. S79M* 

100 

79 

21 

157 

243 


•Including proiH'Hant cost, without Fee 

1. Time Between Overhauls tTHO) 

2. KxpendabJe Missi<»n 
X Dcsirn TBO 


2.1 RL10 DERIVATIVE IIA ENGINE 





^ ^ 


Thrust 

Chamber Pressure 
Area Ratio 

[sp 

Operation 


Conditioning 
Weight 
Life ( TBO) 
DDT&E Cost 


/ 


: 15,000 1b 
: 400 psia 
: 205 

: 459.8 sec at 6.0 M R 
: Full Thrust 

(Saturated Propellants) 
: Maneuver Thrust 

(Saturated Propellants) 
: Tank Head Idle 
: 431 lb 

: 190 Firjngs/5 hr 
• $100 Million 


FD liSCiC 
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2,1.1 Ddfiniiion and R©<|Ujr«manti 

The RIJO Derivative HA engine is derived from the basic RLlOA-3-3 but has increased 
performance and operating Oexihility for use in the OTV. With a nominal full thrust level of 
IS.IKK) lb (in vacuum) at a mixture ratio of ti.O:l. the Derivative IIA engine is defined as an 
RLlOA-3-3 with the tollowing changes: 

1. Tw<'-|)osition nuzzle with reomtoured primary section to give a large 
increase in specitic impulse with engine installed length no greater than 
the KlJ0A*;t>3 (70 in ). With a Iruiualed two-positifm n<»zzie installed, this 
engine can he installed and tested in the existing lest facilities at 
1>&WA/(HM). 

2. Injector reoptimized for 4*peratinn at a lull thrust mixture ratio (*f 6.0:1. 

3. Tank head idle (THI) capahiliti*-. ^^here the engine is run pressure fed 
without its Uirbopumt) rtttalmg on propellants supplied from the vehicle 
tanks at saturation presMire. I*rt>pellanl ccuiditiiuis at the engine inlets can 
vary from superheated va|>or, through mixed phase, to liquid. The objec- 
tives are to supply low* thrust to settle vehicle propellants and also to 
<»blain useful impulse from the propellants used to condition the engine 
and vehicle feed system. 

4 Operation at low thrust in pum|>ed m<Kle (maneuver thrust) hut without 
significant impad on the engine s design. This thrust level was selected as 
25' of full thrust in the previous study. 

f). Two pfiase pumping capability, allowing operation at both full and rnaneu- 
ver thrust levels with saturated propellants in the vehicle tanks and with 
no tank pressurization .system or vehicle-mounted hmist pumps. 

6 (’ap.ahililv for both H, and O, autogenous pressurization which raay be 
required on very long burn missions in order to avoid exce.ssively low 
propellant vapor ])ressure. 


2.1.2 Description 

The general arrangement of the Ifl.lO Derivative IIA engine is shown by the installation 
draw:- -s in Figures 2-4 and 2-5. This engine is interchangeable with the RLIOA-.h.l except for 
the lai^ar diameter of the propellant inlet valves and the shorter distance between the inlet 
valve interfaces and the engine reference plane. 
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The principal components of this engine are shown in Figure 2-6. To be able to pump 
two-phase propellanta, larger inlet shutoff valves, a redesigned fuel high-speed inducer (which 
is based on the RLIO M(kJ 2 design), and a new gear-driven oxidizer low-speed inducer are 
required. To avoid changing the location of the engine/vehicle propellant system interfaces, the 
oxidizer pump and iU shaft are rotated through 180 deg. This arrangement is illustrated by 
Figure 2-7 which compares the RLlOA-3-3 and Derivative HA turbopumps. The fuel pump 
interstage chilldown valve is deleted, since the engine is conditioned by running in TH! mode. 
A GOj heat exchanger. GO, control valve and turbine bypass valve are added to enable the 
engine to run in THI. Fuel and oxidizer tank pressurization valves are added to give 
autogentms pressurization capability. Additional solenoid valves and modifications to the 
oxidizer flow control valve and thrust control valve give the engine its capability to operate in 
three modes. A dual exciter gives improved ignition reliability in THI. The primary nozzle is 
reconloured and a jackscrew operated, two-position, radiation cooled extendible nozzle is 
added. The primary nozzle exit diame jt is fixed at 40 in., since this is the limiting diameter 
for the extendible nozzle to be retracted over the engine's power head and is also the largest 
size which allows installation with a truncated extendible nozzle in P&WA/GPD E-6 and E-7 
test stands. The injector is reoptimized to give improved performance at a mixture ratio of 6.0. 
The engine maintains the same design margins as the RLlOA-3-3 engine since the chamber 
pressure level remains unchanged and the turbopurops are basically unchanged. 

The dry weight of the engine and its subassemblies are summarized in Table 2-2. Of the 
total engine weight of 431 Ib, 35% consists of the weight of the existing hardware, 57% is 
calculated from layout drawings, and 8% is estimated. 



Figure 2-6. RUO Derivative IIA — Propellant Flow Schematic 
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Fuel Pump 
Housing. 

Ist Stage Fuel 
Impeller 

Fuel Inducer- 


2nd*Stage 
Fuel Imneller- 







-?F 

♦ Ej:; ». 


Fuel Pump Drive 
Gearbox Housing 

Drive Gear 




Turbine Rotor 


Turbine 
Discharge 
Housing 

Fuel Pump - 
Turbine 
Assembly 

Oxidizer Pump 


FD 17 B 069 


Fi/^i/re 2-7a. 7i/rhnpunip Assrmhh S/ji/f/ n in Conjparison IVV //1 

Drrirafn’c //A V'ur/)or»io(7i/>jfT\ (Refer to Figure 2-7b) 

otAaaox viMT icooiAKf »rw iRTr*«o»«it (•omii 



OtarvATivc II* rLHaoMACMiNtav 


I iL^ure 2'7h. Dt-rn aUre IIA 7'urhnpunip Assembly Shou n m Cifmpnrisori With 
RiJoA :i :i Turhonuiehmt n ( Rr/er ffi Figure 2-7a) 


n 
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TABLE 2-2. RLlO DERIVATIVE HA ENGINE 
WEIGHT 


Turbopumpra and (irnrhox 

99 

lb 

Thrust Chamt>^r and Primary Nozzle 

no 

lb 

Kitendible Nozzle Actuation SvHtem 

40 

lb 

Kxtendible Nozzle 

25 

Ib 

GO. Heat Eich.Hnuer 

13 

lb 

Controls, Valves & Actuators 

ai 

Ib 

Plumbinit and Miscellaneous Hardware 

46 

Ib 

Ignition System 

15 

\b 


431 

Ib 


2.1.3 Operation and Performance Characteristics 
2. 1,3, 1 Operation 

I lie enj^ine is started in 'I'MI m<Kle, with propellants supplied in vapor, mixed. t>r li<piid 
I>liases. 


A ill) the inlet shutoll valves iipen. luel H(»ws throujih the pump, the thrust chamher 
ccM)linj: jaekel, around the turhine, lfiroii|^h the GO heat exehanijer, and into the main injector. 
Similarly, the «)xidi7c r Mows ihrou^^h the j)ump, and with the oxidi/er How- control valve shut, 
all the How ^uvs throTij^h the heat exchanger to the injector. The operalinj 4 conditions shown 
on hi;;ure 2-S are lor a thermally conditioned enj^ine with liquid propellants suj)plied at Ki 
psia. 



Fif^urc 2-H. RUO Derivative IIA l^opcllant Ftoir Schematic ~ Tank Head Idle 
Mode 


After pump c mditioninK has been completed in THI mode, the en^dne is ready to l>e 
t to Its mane iver thrust level for low maneuvers or as a step on its acceleration to 
u I trust, o start tfu* lurhopumps. the main fuel shutoff \alve is opened, iind tlie turhine 
>>pass \a.\t is ( losed moimnitarily to ^pve a hi^di initial turhine torque and is (hen reopemd to 
e niammer thrust position. H^^ure 2-9 shows the en^dne oj)eratin^ at maneuver thrust. 
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hi^ure 2-9. RLW Dcrn atii c IIA I*rapvtlant Flow Schematic — Maneuver 
Thrust 


By rlosinji the lurhine bypass valve, the engine is aeeelerated to lull thrust. At about 
lull thrust, the thrust eontrol \alve opens t<> reduce thrust o\ersho<»t. Operation ol the 
enj^ine a tidl thrust and (>.0 mixture ratio is shown in Fij;ure 2*Itt. 



himirc2 li). HlAt) Derivative l!A l^ri^peHant Flote Schematic — Full I'hrust 
(MR~6.(p 
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Z1,X2 Performance 

The sleady-slate performance characteristics of the RLlO Derivative IIA engine are 
summarized in Table 2-.T 


TABLE 2 3. PERFORMANCE CHARACTERISTICS OF RLlO 
DERIVATIVE HA ENGINE 


OptratiTxf h4<fdt 

Tank Head Idle 

Afaneueer Thrust 

full THru$t 

Thrust, lb 

170 

3.750 

I5.0CK) 

Mitture FUtio 

4.0 

6.0 

60 

Chamber Pressure, pti« 

6 1 

102 

400 

Specific Impulse, 

43A 

446 

459.8 

Fuel Turbtjpump 
Speed, fprn 

0 

13.564 

28.570 

Oiidizer and Fuel Pump 

> 16 p^ift 

>10 ptia. 

> 10 pata, 

Inlet Condition l.imiu 

(Superheated, 
mixed phaj^e 
or liquid) 

<70^f Vapor 

<40^f V*apor 


2.1.4 Progr«mm«tict 

2. 1.4.1 Engine Development 

'Phe total development program wiiluiul predevebipment activity for the baseline De- 
rivative MA engine will reipiire a tit mtmtb design, fabricatnm. and test effort. This effort will 
eru'timpass three designd>uild( ttst cycles to hiiKil flight ( ertificMtion (ffC). figure 2-11 shows 
the development schedule and presents the major program milestones and key decision p<»ints 
as w'ell ns the tctal development program. IMie total development funding requirements and 
cost breakdown by fuiulion are given in Figure 2 12. 

The total and <leslgn verification development programs (including propellant costs) are 
summarized in Table 2-1. 

2.1.4.2 Production Engine Coet 

The estimated first unit cost of a Derivative IIA product itm engine is $1.56 million. 

2. 1.4.3 Operatione! and Flight Support Coeta 


Summary of Costs: 


Missions per year 


L5 

30 

45 

Total costs ff»r 12 years. -5 r.". ' 

lion 

78.2 

86.0 

102.7 

TABLE 2 1. SI MMARY 

OF 

1’()1 AL 

AND 

DKSK’.N VEHI 


KICA rK)N PROGRAMS. KLli' DKRlVA'nVE IIA 


F3<iuivHlfnl of Kn?)n#*s 

Knfone Haiht* Hef’uilds 
Knume Test.s 

Dvjration to KKt’ in Monthn 
Tolal ('osl. $ Million 


Tnfflf 

Dcirlopmrnt 

Dexif^n 

VVn/jrafion 

/V.igra/n 

Allouance for 
- and 

Ri'tt'nfu-aiton 

26 

10 

- 16 (61.5 

90 

,58 

- 32 ) 

HTyl) 

— .s:>o 

.31X1 (3.5'. ) 

64 

,v> 

“ H (1 2.5', 1 

99 9 

.59.7 

- 40 2 140,2^ ) 
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Thrust 

Chamber Pressure 
Area Ratio 

|sp 

Operation 


Conditioning 
Weight 
Life (TBO) 
DDT&E Cost 


: 15,000 lb 
: 400 psia 
: 205 

: 459.8 sec at 6.0 MR 
: Full Thrust {Low MPSH) 
: Pumped Idle 

(Saturated Propellants) 

: Tank Head Idle 
: 392 lb 

: 190 Firings/5 hr 
: $79 Million 



FO 

I lu* RLm Drrixahvt* III? Is siinihir to tlu‘ Di'rixativt* HA oxit*pt that it doos not 

ha\i* llu* lor tw*» [)hast* pumping (apa[)ilily at lull thrust, 'rhort^torc, tliis sum- 
mary ^vilI (*»npha. i/f thnsi^ as[)c(“ts ol iht‘ I )t*ri\at i\ e MB vvhicl^ dilfer Irom the 

I)(*ri\atiw HA. 

2.2.1 Definition and Requirements 

I lu‘ BLIP I ) 4 ‘rivat ivt* HI? is dtditUHi as ilu* hijsir ItLllLA H-,'? 4 *n^iiu* with tlu‘ lollowin^ 
chanties: 

1 . Two-posit ion nt>z/.lc witli rrcontourt*d primary scvtion 

2 . Rooptimi/(‘d injector 
'Pank head idle mode 

L Pumped i<lle mode, witli saturated propellants in \<*hiile tanks, and 
lHM»lstraj) atito^emnis |>ressuri/at Ion. 'Plus mode of <»peration allows the 
iH.Kt.V ;? ;? Billot .Material turhopump to he run at a sunuimlly low 
spt‘ed where fu e pl■c*^suri/at ion suluooljn” o( the propc llatUs at tlu pump 
inlets is not re(|uii-efl. I?y usini: the enj^ine’s bootstrap autoi:< nous prissur 
i/ali<ni iapahilii\. iln- tanks tan theti he prt ptessuri/ed to salwly llu‘ 
enimes ImI! thrust pump inlet net posit ive sui I iim head iM’SHV r» apiire 
lie nis liofiwr aereliTat ion to )ull thni.^ 1 . 

2.2.2 Description 

'Pin ‘.'eneral arran}:emeiil of the HI.U) Perivative III? (>n;:in(‘ is shown in the installation 
dra\vm;:s in I'l-ures 2 j:i and 2-1 1 . 'I'his eii^^irie j> iiit erehan«-eahle with llie HLlOA :? :i. 




Pratt & Whitney Aircraft Group 

FR-13168 
Volume II 



ro 


Fiuure '2-Ui. Derivatwe IIB Engine Installation Drawinf’ {Sheet I) 



Figure 2- I I. Derii’iillvi' IIB Engine Installation Drau inf! (Sheet 2) 
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The principal components of the HL10 Derivative IIB engine nre shown in Figure 2-15. 
This engine uses ihf RLlOA-2-8 Bill-of-Material turhopump and inlet valves hut in other 
respects is essentially the same as the Derivative HA engine. lake the Derivative HA engine, 
this engine also maintains the RLIOA-U-8 engine design margins. 

The dry weight of the engine and its subassemblies are summarized in Table 2-5. Of the 
total engine weight of 292 lb, 44' t is weiglit of existing hardware, is calculated from 

layout drawings, and 12' i is estimated. 


(TART lOilNOlO VALVf 



Figure 2-15. RLIO Derivative UB Propellant Flow Schematic 


TABLK 2-5. R\AO DKRIVATIVK IIB KNCHNK 

VVKIOH'r' 


TurlK»pump and (tcarbox 

79 

ih 

Thrust Cham her and Primary Nnwle 

no 

ih 

Rxtendihle Nozzle Actuator System 

40 

Ih 

Kxtendihle Nozzle 

2fi 

Ih 

00^ Heat h^xchanKer 

in 

lb 

Controls, V'alvea & Actm tors 

G6 

Ih 

Plumbing and Miscellani ous Hardwate 

44 

Ih 

Ignition System 

15 

lb 

Total Dry Weight 


Ih 


2.2.3 Operation and Performance Characteristics 
2.2.3. 1 Operation 


'I'he operation of lliis engine is basic.illy the same as (hat of (In Derisative HA. and 
propellant settling and engine thermal comlilionin.' in 'I'Hl is carried out In the same manner. 
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Further analysis of UUO pump cavitation data carried out duriiif; the 1978 study showed 
that the Hill-of-Material inducers could he operated at well over 20'. ol full thrust without tin- 
propellants neediii}; to lie prepressurized. My increasinu the thrust level for pumped idle mode 
to ia', of full thrust, the need for a cavitatinc ventviri in the fuel system and the risk ol 
oxidizer injector flow instahility were hoth eliminated, while the prepressurization supply 
pressure was increased. The thrust level lor the pumped idle mode id the Derivative IIM was 
therefore made the same as liie maneuver thrust level of the Derivative IIA. and acccleiation 
to this operatinit mode is carried out in the same way. A wide ran>;e of prepressurizalioii 
Howrates can he sup|>lied in pumped idle mode with little chant;e in engine thrust, allhoujth 
active c(»tUr4>I valves are not used. 

Acceleration to lull thrust and operation at this level is the same as that of the Derivative 
IIA engine, except that propellants with positive NI’SH have to he supplied to the engine 
either In u.sin(4 the engine's autogenous pressurization system or with some vehicle supplietl 
system, i.e.. boost pumps, helium pressurization, etc. 0|)eration of the engine at lull thrust and 
6.0 mixture ratio is as shown in h ij^ure 216. 



Fifiure2-I(i. HLUi Dvrivativv IIH /Vopc//anf Flow Schvmutu -- Full Thrust 
(.SfH 6(f) 


2.2, 3.2 Performance 

'I'he steadv-slale pcrlorniaiu e ( hararlerist its of the HI JO l)rri\a(i\(‘ IIH rnuinc are 
summarized in J'alile 20). 
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TABLE 2 6. FEUFORMANCE CHARACTERISTICS OF RLIO DERIVA- 
TIVE IIB ENGINE 


Operating Sfnde 

Tank Head Idle 

Maneuver Thruxt 

Full I'hruxt 

ThruBl, lb 

170 


3.750 

15,000 

Mixture Reiio 

4.0 


6.0 

6.0 

Chamber PrrsBUre, psia 

5.2 


102 

400 

Specific ImpuUe, tec 

438 


446 

459.8 

Fuel Turbt>pump 

Speed, rpm 

0 


13.360 

27,Hf,0 

Pump Inlet Condition 
Limita 

Fuel 

>16 piia 

Superheated 
Mixed phase 

>10 psia 
<6.S*‘i Vap«>r 

>14 ft NPSH 

Oxidizer 

>16 paia 

or Liquid 

> 10 psia 
<45'i Vapor 

>7.5 ft NPSH 

Fuel System Prea- 
aurizetion Supply 

NA 


0 to 0.15 lh/»ec 
550® to 520® R 

0 to 0.! Ib/ftec 
440®R 

Oxidizer System Pre*- 
lurization Supply 

NA 


0 to 2 lli/rtec 
570® lu 230® K 

0 to 1 Ih/srt' 
4.50® to 2.55® H 


2.2.4 Programmatics 
Z2.4.1 Engine Ddvelopment 

I'he loti'll development program without tiredevelopmeiU activity tor the baseline De- 
rivative IIB engine will require oH months of design, tahrication, and list ellort. This effart 
will encompass three desi^n/build/test eyeles to FF(\ Figure 2-17 simws the develoj>ment 
schedule and presents the major projiram jnilestttnes and kt*y decision points. 'I'he total 
develi>pinent tundinji requirenu‘nts and cost breakdtjwn by lunction jire ^dven in Fij^ure 2 KS. 

'Phe total and design veriHcation devehipment proj^rams (inchidin^^ propellant costs) are 
summarized in 'Pahle 2-7. 

2.2.4.2 Production Engine Cost 

'Hu* estimated first unit cost of a Derivative IIB en;iine is Sl.oO million. 

2.2.4.3 Operation Flight Support Costs 

Summary of ('(ists: 

Missions per year lo 20 P'S 

'Pot a I costs tor 12 years, Million 68.0 76.6 02.0 
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Figure 2-17. Derivative IIB Development Schedule and Major Program Milestones 



Development Cost by Function 
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TAHLK li-7 SUMMAIIY OF TOTAL AND DEvSIGN VERI- 
FICATION FHOORAMS, RLIO DERIVATIVE IIB 



Total 

Dei>flopment 

Prt>gram 

Detinn 

— Verificat*on 
l*ro^ram 

- 

Allou'ancr for 
Red^'sign and 
Rritrnf teat ton 

Equivalent Seta <if Engine 

23 

9 

- 

14 

Engine Builds and Rebuilds 

60 

53 

- 

27 (34M 

Engine Testa 

750 

500 

- 

250 (33^ ) 

Duration lu KFC in Months 

59 

50 

- 

9 (I5M 

Total ('ost $ Million 

78.9 

46.6 

- 

32.3 (41M 


2.3 RLIO DERIVATIVE (!C EHGIHE 





Thrust 

Chamber Pressure 
Area Ratio 

“sp 

Operation 
Conditioning 
Weight . 

Life (Expendable Mission) 
DDT&E Cost 


15,000 lb 
400 psia 
205 

458.6 sec at 6.0 MR 
Full Thrust (Low NPSH) 
Overboard Dump 
374 lb 

10 Firings/1.25 hr 
$21 Million 


p- 


A 


I 


\ 


FD 7SM2IB 

'i'he HLlO IVrivai ive IK’ engine is included in this report, even thnujxh it was not one of 
the enj^ines delined in the ori^jinal study, l>ecause it is a l<»w-cost, hi;;h-perrormance c«andidale 
en^'ine lor an early ( xpendahle OTV\ 

2.3.1 Definition and Requirements 

The ItLlO Derivative IK’ is the existing: RLK)A-^C:i eni'ine, with the addition of a 
hi^ih area ratio, two po?>iiion nozzle and refpialilied to operate under 01A’ ('ondltions. As a 
restill. there are the loMowin;,' tlian^irs in engine refpiirements from those of the RLlOA-it-it 
Hill of - Nfateriid engine; 

a. 'I’wti posit inn nozzle with reiontcmred primary secti«)n 
I). Mixture ratio imreased to f>.0 ( ♦ 0..5) 
r. n, atito^^eimus pressurization 

d. Increased life 

e. .otT/ redmed NPSH limit and minimum pump inlet jiressures reduced 
from .’>0 to «8 psia (H.) ami from la to .'I5 psia <0 ). 
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The primipil tompctnents of (his cnj^ine are depicted in the flow schematic in 
Fi^^ure 2-21. Other (luiii the two-|>osiii(in mt/zle and actuation system, only minor mod- 
ificHlinns lrt»m the Hill-of- Material are required. An extra solenoid valve is added 

In mi’timi/e overhoard cooldown propellants needed to prestart condition the enj»ine. The 
h.. ic HLIO has been satisfactorily run at mixture ratios well in excess of 7:1; thus, only minor 
(rim adjustments are ref|uired to meet the 6.0 mixture ratio requirement. The fuel tank 
pressiirizalicm valve is the same desi^jn that was used on the RLlO-powercd S-IV vehicle. No 
modifications are recpiired to meet thf‘ increased life reejuirement, since the major RLlO engine 
components liave a dernunst rated life of greater than 190 firings anci 5 hr. Similarly, no 
nuKiilications are required l<f meet the redmed NFSH and minimum pump inlet pressure 
requirenu*nls. 



i iL:ur{ J 'JI. I^rufwflant Fhtii Sthrmntic for Dorirat ire IK' I''ni:inr 

I he dry weight o( tfu* engine and Its sul»asscml)Iies are summarized in Table 2*8. Of (he 
tc»tal engine weight ot 871 Ih. is weight of existing hardware. .1")', is c'alculated frotn 

l.iyout drawings, and In', is estimated. 
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TABLE 2-8. RLlO DERIVATIVE lIC ENGINE 


WEIGHT 

Turbopump and Gearbox 79 lb 

Thruil Chamber and Primary Noule 110 lb 

Rxtendible Noule Actuator Sy -lem 40 lb 

Extendible Nozzle 25 lb 

Controls. Valve* and Actuator* ‘ 61 lb 

Plumbini; and Mitcellaneous Hardware 44 lb 

Ignition Syatem 15 lb 

Total Dry Weijihl ^174 lii 


2.3.3 Operation and Performance Characteristics 
Z3.3, 1 Operation 

'Fhis entiitie is cimditioiu*d, likt» the HMOA it-.’l. Ity dumpitif: propcMunts ihrou'^di the 
before ihe lurlmpiimp is sl;irted. Hy jiddmt,^ the tldrd stdotioid. width allnu> the 
optimi/ation of Itiel .ind oxidi/tr iliilldnwn ihe liiuotmt of propeliimts Mf‘eded in 

condition the enj^ine are redund 'Hie luel system is ihennally conditioned hy hyrlro^it n which 
enters throtij^fi the inlet slnitidf \ .il\ and then |>asses ihrouj^h both slaves of the unshroiided 
liiel |)iirtip. With the main Inel shnlulf val\t* closed, this hvdro|:en is \enled overlioard throu;:h 
ihe interslaj^e an<l dischar«;e tnoldown vai\t*s. l lie >»xuli/er system is thermallv lauultl ioiucl hy 
r\yj^en enleriitf^ throti^h tlie miet shutotf valve, moving; thrtnjf^h the pump, and with tlow 
rest rictt'd hy the small siiirtin^ flow are;i of the c>xidi/er control valve, the oxygen is (lisclu’*'j:ed 
ffverhoard through the t*xi<ii/er nn//ies in the inji'ctor and out of the tfirust chatniter. 

d'he en^une is started hy ener^i/ino the ifpiitrr ami ot)enino the main tuel shutoH \alve. 
'Hie liu l t>roceedH thr(»uj:h the jiass and a half lufutlar thrust < hamluT wlu re it cools the 
charnher and picks uj» llu* ener^^y nettled to drive the twn statue turfune whiih t>ouf*rs the main 
f>umps. 'File How tnnlroll(*d hy liypassin;: tin* fm*l arnimd the turbine with the controlli r 
seusin;i thrust t hainher |>rf‘s>ure. I he sin«:le sta^e shroudetl oxidizer pump and itulutt r is tzear 
driven ir«mt the luel ttirl>opump. 'Ffie enj:ine fuel mixture ratin is v.irietl by the oxidi/(‘r l1ou 
control valvt* vvhuh is controlled liy liie vtdiicle's profjellant ulili/ation system. Operaliott of 
th<‘ (n^ine at lull thnwl and ti.O mixture ratio is sluiwn in Figure 1? 

2,3.3.2 Performance 

'Fhe present specification limits for the KLinA-o-d minimum ptunt» initl prt'ssure and 
NI*Sn reijuirtanents are iu excess tit the eu^im>‘s tlemonsl raicfl cat)ahilit\ . Tlu >e limits lor Mie 
HI.IO Derivative IH en^io*' hav<‘ tlu-retore het n redutfti, as shown in FaliU* H. I in'- l.il le 
al'-o nimpares llie main t liaracl erist ics of tin* HLlO Derivative IK’ with nl the 

Mill ol \1 alerial KI.I^'A j^resently in prodmitoii. 
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TABLE 2 9, COMPARISON OF RLIO DERIVATIVE IIC AND 
RLlOA-3-3 CHARACTERISTICS 



RLIO 

Derivaiioe 

lie 

RU0A^3’3 

Thruat, lb 

1 5.000 

Ifi.tXX) 

Mixture Katio 

6.0 

5.0 

Chamber ProMure, psia 

400 

400 

Specific Impulse, uc 

458.6 

444 

Nozzle Area Ratio 

205:1 

57;1 

Inalalled LenKth, in. 

55 

70 

Dry Weight, lb 

374 


Miaaion Ijife. flrin„.>/hour8 

>10/1.25 

> 3/1.1 

ZL Tank Pressurization Capability 

Yes 

No 

Minimum Pump Inlet Pressure At Start — Hj/Oj, psia 

28/35 

;tt>/45 

Minimum Required NPSH — H^Oj, ft 

65/8 

135/16 

*ExcIudcs weight of instrumentation. 




2.3.4 Programmatics 
2.3.4. t Engine Development 

'Fhe total development program without prcdevelopment activity fur the Derivative 
engine requires 37 mo t>f design, fabrication, and lest eflbrl. 'Phis effort will encompass one 
design/build/test cycle to FK(\ Figure 2-23 show's the total development program schedule and 
presents the major program milestones and key decision points. 'The tt»tal de\el(^pmenl 
fujulii^g requirements and cost breakdown by function are gi\eii in Figure 2-24. 

Design Verification Specificati.>ns were not generated for this engine. *1 be total develoj)- 
ment prf)gram is summarized as fcdlows: 


Equivalent Sets of Engine 

8 

Engine Builds and Rebuilds 

10 

Engine Tests 

185 

Total Cost — $ Million 

20.6 


If an increased life version of the RLIO Derivative AC engine (in excess of the 
10 firings/1.25 hr version) were required, it is estimated that only a modest addition to the 
program would he necessary to qualify (lie engine for a lU) firings/2.r> hr life. 'I'his addition 
w'ould consist of 2 equivalent engine ha r l ware sets, I additional engine rebuild. (iO ei\gine tests 
and approximately $2 million dollars. 'Fids program would not. howevt r. tiuaiily the no//.le 
extension for the exiemled life; the life of this component would he dtUenuined in service by 
conlinuiiig use with freejuent inspections until a cause b^r removal is found It is expected, 
however, that the relatively favorable environment of the nozzle extension will all«‘W the 
mission life re<iuirements to be easily met or exceedeel. 

2.3.4.2 Production Engine Cost 


'Fhe estimated first unit cost of n Derivative IIC pHuInction engine' is $1.3n million. 

2.3.4,3 Operation and Flight Support Costs 

.1 *: — 1 PM C'-o o 
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'-‘Si. lUJO Drrii'atiic IIC Tolul Decclopment Program Schedule and Major Milestones 


Development Cost by Function 

Function Cost Millions 
of Dollars 

Design 2.2 
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2.4 RL10 CATEGORY IV ENGINE 



Thrust 

Chamber Pressure 
Area Ratio 
Isp 

Operation 


Conditioning 

Weight 

Life (Design TBO) 
DDT&E Cost 


: 15,000 lb 
: 915 psia 
: 383 

: 471.7 sec at 6.0 MR 
: Full Thrust 

(Saturated Propellants) 
: Maneuver Thrust 

(Saturated Propellants) 
: Tank Head Idle 
: 371 lb 

‘ 300 Firings/10 hr 
: S157 Million 


2,4.1 Definition* and Requirement* 


FD 74124B 


Unlike the Derivative II baseline engines, which are modified versions of the RLlOA‘3-3, 
the ULlO Category IV engine is a “clean sheet” design. However, it is not an ad- 
vamed-techno ogy engine, since it uses the same expander power cycle and basic design 
concepts of the HLIO. Basically, it is a 1973 update of a design optimized specifically for use in 
the OTV. The oaseline HLIO Category IV engine has the following requirements: 

1. Interface requirements: interchangeable with RLIO Derivative IIA. 

2. Operating modes: Same as HLIO Derivative IIA. i.e., 

• Tank head idle mode 

• Maneuver thrust 

• Tw(»-pfiase pumping capability at full thrust 


3. Design life: 300 firings and 10 hr 

4. Thrust level: ir>,(K)0 Ih at 6.0 mixture ratio 
Performance: optimize. 


2.4.2 Description 

The general arrangement of the HLIO ('ategory IV engine is shown in the installation 
drawings on Figures 2-25 and 2*26, As re<iuired, this engine is interchangeable with the HLIO 
Derivati'f IIA. and the installed length was .selected so that it would he the same as the 
minimum length Di-rivative IIA engine. 


'The princl[)al components of the HLIO Category IV engine are shown in Figure 2-27. To 
<»htaiii two-phase pumping capability at full thrust, fuel and oxidizer low-speed inducers are 
used. 'I’bese inducers, which arc of the same suc!i(»n design as the oxidizer low-speed inducer 
on the ItLlO Deriviitive IIA, are gear driven from high-.specd pumps. As on the current HLIO, 
n tw'o-stage fuel pump is used with a two-stage turbine. The fuel impellers are fully shrouded 
to obtain high efficiency, since high tip speeds are not required. The single-stage oxidizer 
pump is driven l)y a single-stage turbine used in serie.s with the fuel turbine. This was done so 
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that the pears could be retained but the power transmitted through them could be reduced 
leaving their stresses lower than in time HLlOA-3-3. By gearing the pumps and inducers 
together, a complex closed-loop control system (and thvis control problems especially during 
transient operation) is avoided. 

(SHEET 1) 



ro 

Htiitrv i atv^ury l\ Engine Installation Drau inf^ 
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Figure 2-27. Category IV I^opcllant Flow Schematic 


The combination ttf nickel alUty turbines and the expander power cycle j^ive turbine life 
marj:in. To meet the thrust chamber life retjuircments. a milled channel chamber has been 
selected, but the design of the tw'o-posititm extendable nozzle and primary nozzle is concep* 
tually the same as that used in the Derivative II engines. The control system is also basically 
the same as that of the Derivative 11 engines, except that the main fuel control valve combines 
the functions of the thrust controller, turbine bypass, and fuel vent valves. The (jO, heal 
exchanger design is the same as that used on the Derivative 11 engines. The igniter system 
utilizes redundant exciters and is of an updated lightweight design. 

The dry weight of the engine and its subassemblies are summarized in Table 2-10. Of the 
total engine weight of 371 lb, 56‘i is calculated from layout drawings and 44^ is estimated. 


Table 2-10. RLIO CATEGORY IV ENGINE 
WEIGHT 


Turbopumpa and Gearboi 

91 lb 

Throat Chaml>er and Primary Nozzle 

87 lb 

Eitendible Nozzle Actuation Syslem 

35 lb 

Extendible Nozzle 

26 lb 

GOj Heat Kxc hanger 

13 lb 

Controls, Valvct* and Actualora 

74 lb 

Plumbings fl^'d MiM^cUaneoua Hardware 

38 lb 

Ignition System 

7 lb 
371 lb 
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2.4.3 Operttion «nd Performance Chsrecteristice 
2.4,3, 1 Operation 

The operation of this enKine is basically the same as (hat of the Derivative IIA engine. 
With the start siilenoid and bypass solenoid No. 1 energized, thermal conditioning in tank 
head idle mode is carried out with the eiigine operating as a pressure-fed system without 
turlx)pumps rotating. By de energizing bypass solenoid No. 1 and energizing the other two 
solenoids, the main fuel shutoff valve is opened and the turbine bypass in the main fuel 
control valve is first closed, diverting all the fuel through the turbines, and subsequently, as 
turbine inlet pressure builds up, reopened to allow the engine to stabilize at maneuver thrust 
level. De-energizing bypass solenoid No. 2 closes this bypa^;' accelerating the engine to full 
thrust, at which time the thrust controller element of the main fupl control valve lakes over 
thrust control by regulating turbine bypass How. Operation of the engine at full thrust and 
6.0 mixture ratio is shown in Figure 2-28. 



Figure 2-28. RLIO Category IV l^opcllant Flow Schematic — Full Thrust 
(MR-- 6.0) 


2,4. 3,2 Engine Characteristics 

I'he steaiiv'state perfornjance characteristics of the baseline RLlO Category IV engine 
are suinmarizeil in Table 2-11. 

2.4.4 Programmaiics 

2,4.4, 1 Engine Development 

3'he total development program for the ba..v-Iine ('ategnry IV' ei^gine requires 80 months 
of design, tabrication and test eftort. 'Dus etiort will encompass tlirce dcsign/build/tcst cyi les 
to FF('. Figure 2-20 shows the ti»tal (i(*veiopmenl program schedule and ()rescnts the major 
program milestones and key decision points. 'The t(»tal (levelo[)inenl funding requirements and 
cost l)reakrlo\vn hy function are given in Figure 2-30. 
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Rnjiine development is planned to be accomplished in the same manner os previously 
described for the Derivative 11 engines. Although design verification specifications (DVSs) 
were not formulated for the Category IV engine design during this study* an estimate of 
verification program requirements was made by comparing the ('ategory IV engine design with 
th ‘ Derivative liA engine design and deriving the design verification program for the Category 
IV engine from that of the Derivative IIA engine. 

This derived design verification progr«irn is compared with the total development pro- 
gram in 'Fable 2*12. 

Z4,4J! Production Engine Coet 

The estimated first unit cost of a Category IV engine is $1.76 million. 

2.4.4.3 Operation and Flight Support Coats 

Summary of Costs: 

Missi(ms Per Year 15 30 45 

Total Cost.s for 12 Years .$ Millit)n 86.1 94.5 103.5 


TAHLK 2 - 11 . STKA n'-STATK PEKFORMANCK CHARACTF:H- 
ISTICS OF RLIO CATKOOUY IV KNOINK 


Oprratinf^ Mude 

Tank Head Idle 

Maneuver Thrust 

Full Thrust 

Thrust, lb 

79 

3,7.50 

15,000 

Mixture Ratio 

4.0 

6.0 

6.0 

Chamber Pressure, psia 

5.6 

234 

915 

Specific Impulse, sec 

445 

458 

471.7 

Fuel Turlxipump 
Speed, rpm 

0 

32,000 

75.000 

Fuel/Oxidizer Pump Inlet 
Condition LimiU 

>16 psia 
Superheated 
Phase or 
Liquid 

>10 psia 
<70^* Vapor 

^ 10 psia 
<40^f Vaj>or 


TAHI.K 2-12. (COMPARISON OF DKSION VKRIFICATION 

FROORAM wrrn thk total dkvki.op- 

MF-N T PROGRAM. RLIO CATKGORY IV 


7'o^n/ Design 

AUtmance /or 


I)eveh>pment “ Verificatwn •= 

Redvsifin and 


Profiram /Vo/^rnm 

VVri/jcoO<oi 

Kf|uivalent Sets of Knjjines 

;u) - 11 

19 (63 ^ ) 

Kngine Huild.s and Rebuilds 

140 - 84 - 

.56 (40'. ) 

Engine 'I'ests 

1.000 - 600 « 

400 (40M 

Duration to KF(* in Months 

80 - 69 -= 

11 (uqi 

'I'otal C'osl, $ Million 

156 6 - 8:i.O 

7,3.6 (47q ) 
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•^urr IV Total DcL'clopmrnt Proftram Cost and Funding* 




2,5 ADVANCED EXPANDER BHQIHE 


Prfitt ft Whitney Aircraft Group 

FR-13168 
Volume II 



Thrust 

Chamber Pressure 
Area Ratio 

U 

Operation 


Conditioning 

Weight 

Life (Design TBO) 
DDT&E Cost 


: 15,000 lb 
: 1505 psia 
: 640 

: 482-0 sec at 6.0 MR 
: Full Thrust 
(Low NPSH) 

: Maneuver Thrust 

(Saturated Propellants) 
: Tank Head Idle 
: 391 lb 

: 300 Firings/ 10 hr 
: 243 Million 


FD r4t246 


2,5 ADVANCED EXPANDER ENGINE 
2.5.1 Definitions and Requironrtants 

Like the lU.lO ('alo^ory IV en^rine, I he Advanced Kxpander enj^ine is a "dean sheet"’ 
desij^n. I’nlike the (’‘atej^ory IV engine, it is an advarued leehno!t)^:y enjiiiie, inc'orporatinj: 
improved pump and turbine designs and a hydroj^en regenerator. Basically, it is a 
stale-old lie art” design optimi/e<l specifically for use in the man-rate<i 0'r\\ The baseline 
Advanced Kxpander engine has the lollowing recpiirements: 

1. Interlace re(inirements; not yet defined. 

2. Operating nu»des: Same as HI. ID Derivative I IB, i.e., 

• T\'ink head idle mode 

• M aneuver thrust 

• I.ow NPSH pumping tapability at full thrust 

3. Design life: 3tM) lirings and 10 hr 

4. 'rhrust level: l.%.(MMt ll> at tLO mixture rati(> 
r>. Performance: of)limi/^^ 

2.5-2 Description 

'I'he general arrangement t>f tlie .\dviiiued Kxpander engine is shown in the inslallatiim 
dr«»wings on Figure 2-31. 
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Figure Adv(\nvi'd Expander Engine Installation Draiein^ 


Thf principal! nmiponcnts of I he Advanced Expander cycle engine are shown in 
Kigure 2 As on the current HMO. a tw<»*stage fuel pump> is used with a two-stage turbine. 
I'he fuel impellers are fully shrouded to obtain high efficiency. 'Fhe single-stage oxidirer pump 
is driven by a single stage turbine used in series with the futl turbine. 'Phis was done so that 
the gears could be relaiiu*d but the power transmitted through them could be reduced, leaving 
their stresses lower than in the UIJOA-d By gearing the pumps and induccis together* 
control pr<»blems during transient operation are avoided. 

The combination of nickel alloy turbines and the expander p<»wer cycle give turbine life 
margin. 1'o meet the thrust chamber lile requirements, a milled channel chamber has l)een 
selected. 'I’he lonirol system is also basically the same as that of the Derivative II engines, 
extepl the thrust control has lH*en eliminaterl and the main fuel control valve combines the 
functions of the turbine bypass, and fuel ve?il valves. 'The (»0, heat exchanger design is similar 
to that Used on tlie l)eri\ative II engines. The igniter system is of an updated lightweight 
design. 

('hainher pressure lor the advaiued expamler cycle Is IhOO psia. which Is f>00 psi higher 
than the ('ategory l\ engine, riiis im rcNise in chamber t^ressnre Is obtained bv utilizing 

"Ittso slate of ibe-arl “ I uriHunachinery (h*sign (i.e., fuel pump speerls rpm). and 

adding a hydrogen regenerator to iru rease turbine power. 'Phe hydrogen regenerator is inserted 
downstream ol the Inel pump to increase the turbine inlet ternp<‘ratui e by re<a»vfring lu.it 
downstream oi ;hr mrbines and using It to pr<’heat the fuel t>rior to cooling the thrust chamber 
and noz/le. 'Phe r« generator also allows a parallel chamber/noz/.le e*M>lant flow configuration to 
1 h‘ us«‘d wlikh. vslule t>m\iiling adequate cooling, does not have the large pressure losses 
eiu ountii i-d in the m.milolding of a counter How configfiralion. 'Phe niilhcl channel thrust 
(hainher has been designed and file tubular primary nozzle contoured to optimize the heat 
traiister ( harai l(*rist i« s /mtici[>ated by the engine at the high (haniher pressure. A radi- 
al inn-i ool( (I. mnipoNiie material. (*xt(‘ndil)le nozzle is used instead of a dumfi c ooled nozzle to 
pro\ide a lightCT. vary simple system, ('arhon I'arhon, llio comp<»site m itc'rial used, is a IhSO 
teihnologv malend turrenllv used in liigh liintieralure applieations because ol its strength, 
light weight and lavorahle high tenqK'ralure charaeterist ics. 
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Fif^urv Ach aru vd Hxf)anclrr Fn^inr i*nfpvUant Flint S< hermit ic 

A simple, reliiiblc open-loop) control system is for the Adv<ince<l Kxp)andcr cnfjine. 

The valves op>erate in an oi>en-loop mode f(»r a passive control confipiratitm, otTerniK an 
advantage in both cost and reliability over an active contr<»l confip^uration. The enpjine operates 
with t byp)ass mar^^in at the desi^m point based on KLlO production .»np;ine data that 
indicates this provides adequate marp^in b)r statistical deviations from nominal component 
oj>eratinp; characteristics. 


The dry weight of the t n^ine iind its sid)assemblies are summarized in Table Of the 
total enj^ine weight of 8!M lb, i4‘f is calculated and is estimated. 


TABLE 2-13. ADVANCED EXPANDER EN- 
GINE WEIGHT 


Turbopumpja and Gearbox 

Thrual Chamber and Primary Noizle 

Extendible Nozzle Actuation System 

p^xtendible Nozzle 

RepteneraU)r 

GO, Meal Exchanger 

ControU. V* Ivea and Acluatiini 

Plumbing and Mii^cellaneotia Hardware 

Ignition System 


91 lb 
96 lb 
ns lb 
16 lb 
26 lb 
13 lb 
68 lb 
39 lb 

391 lb 


2.5.3 Operation and Performance Characteriatica 
2.5.3 . 1 Operation 

The operation of this enp^ine is ba.sitally the same as that of the Derivative IIA enprine. 
With the start solent)id and bypass solenoid No. 1 eiurp^i/ed, thermal condit ioninpt in tank 
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head idle mode is carried out with the enjjine operating as a pressure-fed system uiihotit 
turhxjpumps rotating. Hy de-energizing bypass solenoid No. 1 and energizing I he other two 
solenoids, the main fuel shuloM valve is opened «ind the ttirhitie bypass in the main tuel 
contnji valve is first dosed, diverting id! the fuel through the Uirbi les, and subspfpjently. as 
turbine inlet pressure buikis up. reopened to all<»w the engine ti> stabilize at maneuver thrust 
level. De-energizing bvpass solenoid Nk). 2 ck»ses this Itypass to a preset area accelerating the 
engine In tuM thrust. Operation of the engine at full thrust and 6.0 mixture ratio is shown in 
Figure 2-ikl, 

Z5.3.2 Engine Charact^riBticB 

The steads stale perlormanct^ characteristics of the baseline Advanced Kxpander engine 
are sutnmari/ed in 'Fable 2-N. 


FAHI.K 2-1 I. S I'KADV-S FA'I'K FKHFOHM A^,('K CHAItAC FKH 
IS'FirS OF 'niK AI)VAN('Ki) KXFANDKH KNtilNK 


A/orfr 

Tank Hi fui Idlv 

.\fonriir<‘r Thruat 

Tull Thrust 

Thrust, Ih 

r»M 

I.MK) 

lA.(MM) 

Mixture katm 

40 

60 

6 0 

('hamber Pressure, ^sia 

T.li 

IV) 

IMI.S 

Sj>ecirif Impulse, see 

4.^.^ 

4.^7. 6 

48J0 

Fuel TiirtHipump 
S{>ee<i. rpm 

0 

20.:>V> 


Fuel/Oxicli/er Pump Jnlet 
C'undiMon lamils 

Sti|>erheated 
PhaM- or 
t jqtiiri 

(M) NPSH 

2 ft/i:» ft 


2.5.4 Programmatics 

2. 5.4.1 Engine Development 

'Flu* total devekipment p^(^gram for the Advanced Kxpander eifgiiu* retpiires SO rnonti ^ of 
design. t,tbri('at i<m «ind U‘st ellorl. I lus cMort will encompas*' three design buikl/test cyia's to 
FFr. Figtir** 2-:M shmvs the total development |)rogram schedule and t>rcM*tUs the major 
progrimi mile.stones and kf*v decisit^n poiius. 

Kngine de\ flopnu-nt is planned to l)e accomplished in the same in.mner as previou>ly 
<if‘scnbe<I (or the Derivative II engines. Although design verilicalion specif u. it i< 5 us tl)\',s'sl 
were not (ortnulaled tor (lie Advameil Kvtiaiuter engine design during this >hidy. an esiirnati‘ 
of verifk alitiM i»r(»gnm r<‘(pnrenu rits was inatle bv nunparir^g tfie Ad^anteil l-Apander engim- 
design with the Deri\«ili\r IIA engine de-ign and ilenving the design \eri!uation jirogram !()r 
the ArKaiucd Kxpaiuk-r i ngine Irom that ol the Denvatixe IIA engine. 

'l‘bi'» (k rived desi^ti WTiticalion program is lompared with llu* tola! (k \ i lopment pro- 
gram in Fable 2-l 'i. 

2. 5.4.2 Production and Operational Programs 

ProtivMion and OfM-ral i<ma! I’rogr.un ro>ts are given in V<»limie III of this report. 
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SECTION 3 

ENGINE PARAMETRIC DATA 


3.0 GENERAL 

Parametric data for the engines investigated during this study, over various ranges of 
operating parameters, are presented in this section. The RLIO Derivative engines, defined in 
1973, were reviewed and updated. The performance levels were updated to rcHect improve- 
ments in JANNAF prediction techniques. These results were then adjusted to correlate with 
high-area-ratio nozzle performance test data generated with the RI.IO and ASK engines since 
the study was published. Also generated were parametric engine data (performance, weight, 
envehjpe and cost) based t>n study ground rules (e.g., 1980 statc-of-lhe-nrt, performance 
optimized, man-rated reliability) for advanced-expander and slaged-combuslion cycle engines. 
Preliminary cycle studies were conducted which defined ground rules, and a viable engine 
configuration was selected for each basic cycle. The parametric data was then generated using 
the.se basic configurations as starting points. In addition, an annK'sis was conducted to 
determine the effect <>f variations in pump inlet net positive suction head (NPSH) on engine 
weight and inlet line interface. 

3.1 RLIO DERIVATIVE ENGINE PARAMETRIC DATA 

Four baseline engines were defined under this and previous contracts. One of them is a 
new design (RLIO Category IV) and the other three are derivatives of the existing RLIO engine 
(RLIO Derivatives IIA, IIB and lIC). All of the baseline engines have been designed according 
to fixed requirements. Since these requirements are not oplinium for all vehicle applications, a 
parametric analysis w^as conducted. 1able 3- 1 summarizes the independent and dependent 
parameters which w’ere pertiirbated in this analysis. 


TABLK 3-1. PAHAMKTIUC STUDY VARIABLKS 


Baseline Engine 

Independent Variable 

Dependent Variable Constant 

RLIO Derivatives 
IIA. IIB and IlC 

Installed I/ength 
(70 to in.) 

Si>ecific Impulse 
Engine Wnj'hl 
Engine Ceomelry 

Throat (15.000 lb) 
Mixture Halio (6.0) 
Chamlxer Pressure 
(4lX'i |>#ia) 


Mixture Ratio 
(4.5 to 7) 

Specific ImpulBe 
Engine Wright 
Engine (leometry 

Thrust (I5,tX)0 lb) 
Installed Length 
(55 and 70 in.) 
Chan'l>e»- Pressure 
(4tK* psia) 

RLIO Category 

Installed Length 
With lU.lO Derivative IIA 
Interfaces (50 la 70 in.) 

S|»ecific Impluse 
Engine Wright 
Engine (leomrtry 
Chaml)er Pressure 

Thrust (I5,tX>0 and 
'JUW) lb) 

Mixlur«‘ Ratio (6,0) 
Life <10 hr/;(0f) brings) 


Mixture Rati«> 
(4.5 to 7) 

Sixecifu' Impulse 
Engine Weight 
Kngif^e (M-onietry 
ChamlH-r Prr sure 

Thrust (15.000 lb) 
lnslall*HJ l.ength (57 i'vi 
Life (10 hr/.^tK) firings) 
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parametnr engine design was optimized to give maximum nozzle performance for a 
giv-en length (mmimurn length contour). Two-dimensional equilibrium analyses were used to 
\ a r Performance was calculated uLg 

f.frm^n'^L demon trated high expansion ratio nozzle per 

The nozzles were of the two positinn variety in which the primary (fixed) portion of the 
nozzle was regen.-ratively c.K.led and the secondary (translating) porti.in of the nozzle was 
rad.atton nmled. I he propellant injector was considered to be optimized for each design point 
condition for the Derivatives IIA. Ill) and (’ategory IV engines, and vzas .assumed 
energy release etficiency of 0.!»97() and a striation loss of less than lU sec of impulse The 
ingln*^ **"' PI'lOA-.t .) design tor .oe DerKalive IIC 

Kngine weight was generated tising the turhopump. nozzle actuator, heat exchanger 
cmilrol. |)lumhmg and miscellaneous weights from the I.^OIKI lb thrust baseline engine design’ 

wpDhi/fr'"f'"^’ r‘‘’ "‘•'Khl. was e.stimaled using a fix’ed 

weight/h o nozzle surlace area of 0.:(7. 2.^(> and fi t) for radiation-cooled, regenerntivelv cinded 
tubular and regeneratively looled nontubular sections, respectively. 

3.2 DERIVATIVE II ENGINE PARAMETRIC DATA 

The following ground rules were used in the parametric study uf Derivative II engines: 

1. Constjint (lesi;;n llinist of lo.OOO lh 

■2 ronstani chamber pressure of UK) psia for de.sign point analysis 
.(. Kngme mixture ratio 1..7 - O/K --7.(1 
4. Helructed engine length varied hetween .s.7 and 70 in. 
o. Primary noz.z.le exit diameter - -to in. 

3A1 Retracted Engine Length Effects 

The availal.le range of retracted engine lengths for the Derivative II engine is limited on 
tht low end hy engine |>owerhe.)d diameter and on (he high end bv the 70-in. len-ih consir iint 
inherent m the engine delinilion. The minimum retracted engine length is e.^senfiallv made up 

nlcr ■' r length, and primary nozzle length. The turhopuinps are 

pa.k.iged around the comhustion chamber and do not add to the overall length. 

lenethT' ‘ '<•"«"•>* remain e.ssentiallv constant, engine 

emgth IS primarily n lum tn.n ot primary nuzzle area ratio; and since engine thrust, .’hainher 
p issure .iiid nozzle eonioor are almost constant, miniimmi engine length is prim irilv i 

Ztir T1 <t>e exit diameter, the shorter the ..n-ine 

tngth I he primary nuzzle exit dmmeter must lie slightly larger ih.m the engine pmverhe.id 
diameter, however, to allow the se-ondary nuzzle |u fully i.anslate. 

Ihe shuri- : alluwahle D .rivalive II engine ha.s a retracted length uf .V, in The en-im 

as cuuligu.., u.,„, , ^ ,n,.n n 

.Kt^Tr: r - ; 

(lH,-rmin.-,l I,. 'T "''ll ' ...nsrr.ini i. 

UltinuMtd h> tin hL-nv;!hvr || cn-nu* powerhead di.iriu't.T of :{!),;» m. 

Fur engines lunger than .au m. ,l,e hesl p.-rlurmance is uhtained bv •equal |..n..,h" 

■ .1 npit. a engine, will, lutal engine lengll, (secondary nozzle extended) of |.|0 n. w.nihl 
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have a primary exit diameter of approximately 37.5 in. Testing of such an engine would require 
a modification to the GPD test facilities, however, since the E-6 stand will currently accept 
nozzle diameters only slightly greater than 40 in. and the E-7 stand will accept nozzle 
diameters up to approximately 47.5 in. Figure 3-1 presents design parametric data at a mixture 
rat o of 6.0 for retracted length variations between 55 and 70 in. with the primary nozzle exit 
diameter held at 40 in. throughout to allow testing on GPD stands. 

3.2.2 Engino Mixtura Ratio Effacta 

Design parametric performance data were generated over the range of mixture ratios for 
engines designed at the minimum and maximum allowable retracted engine lengths. The 
engine designs presented are capable of providing an additional off-design mixture ratio 
excursion of plus or minus one-half mixture ratio unit. F'igures 3-2 and 3-3 present parametric 
design point data over mixture ratio range of 4.5 to 7.0, respectively, for 55 and 70 in. retracted 
length engines. 

Off-design specific impulse vs mixture ratio characteristics for 55 in. retracted length 
Derivative II engines (Figure 3-4) are provided for reference purposes. 

3.3 CATEGORY IV 

The ground rules used in the generation tjf the Category IV parametric data are as 
follows: 

1. Optimum chamber pressure for each design p<>int 

2. Optimum ehamher length h>r each design point; however, chamber length 
should not Ik* shorter than 12 in. to ensure g(M>d combustion performance, 
nor greater than 30 in. 

3. Evaluate thrust levels ol 1.3,l)(K) and 20, (KK) lb 

4. Engine mixture ratio 4.5 :<0/F -£7.0 

5. Helraeted engine length Itelween 70 in. (RMt)A-3-.i length) and the 
miniininn .set by the p<fwerhead diameter 

6. F'ngines interchangeal)lc with KUO Derivative IIA; powerhend diameter 
limits the primary nozzle exit diameter lt> a Icvt'l greater thijn 37 in. 

Regenerative mizzle parameters whieh atlet t eagine jxiwer level (Al^ and Al ) were 
estirnales relative to the baseline design point and were used to determine the optim\ini 
chamber pressure and chaml)er length lor each design eva!uat<‘d. 43u> ojitimizalion technique 
was the same as that used to optimize the ('alegory IV liaseline design as desiTilx^d in .Section 
3.3, V<»liinie H of Final Report FR-OOll. “Design Study of KLlO Derivatives.'’ 

3.3.1 Engine Length Effect® 

The shortest permissilile engine design had a retracted l( nglh «f 50.3 in. and 50.0 in. for 
respective thrust levels of 15.(HK) and 2(UH»0 U), 'I hise engines hail chamfier lengths of 12 in 
Any engine design sfiorter than this would reipiire eitlu*r a (bamher length shorter than 12 in. 
tir a primary nozzle exit diamelt r less than i!i.. violaiitig (‘ith(‘r grcnind rule 2 or (i. 
Figtire 3-5 presents design [>arametric data at a mixture ratio of h.o lor retracted length 
variatitms l>etween 50 and 70 in. for thrust levels of 15.(K)0 and 2<MH>0 lb. 
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Mixture Ratio ■ 6.0 
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Figure 31. Effect of Retracted Length on RLW Derivative II Engine Design 
Point Performance (Primary Nozzle Diameter Limited to ■!() in.) 
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Figure 3 2 Effect of Mixture Ratio on HLlO Derivative II Engine Design Point 
Performance (Retracted Length = 55 in.) 
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F(f>urc .7-.7. Effect of Mixture Ratio on RLH) Derivative II Ijv^ine Dcs\^n Rinnt 
Performance (Retracted Length - 70 in.) 
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3^.2 fi^ixturo Retlo E fleet* 

design |>oint mixture ratio ol fi t). 

3.4 ADVANCED ENGINE PA‘1AMETRIC DATA 

• L’ ,».rt.,rmance weieht. envelope «nd cost! were j;eneraled at 1«K. 



UTV fJfiA’mr Hequirernent^ 

1. The engine will operate on liquid hydr,.gen and liquid ..xygen pro,H-llants. 

2. Kngine .ie^.gn an<l materials te. hn..logy are t.. Ik- based ..n It.SO State of 
the Art. 




A. 


The en-ine nn.st he eapahle of acunnuKlating programmed and/or 
I t ,.ri. linos in mixture ratio over an operating range ol (>.1 to 
vTihuinga given mission. The effects on engine operation and htet.me 
must lie predictaMe over the operating mixture ratio range. 

temperatures shall he lt’.2.7»R for the 
niim . and IT h’U lor tlie hydrogen h.K.st pump. 1 he I" 

NI‘SH at lull thrust shall he 2 It for the oxvgen pump and 1-. lor th 

hydrnu^'U 

r. The service-free life of the engine cannot he less than f... starl/shutdown 
.veles or J hr a.cumulated run time, and the service ''f- 
nverlv.uN cannot he less than iMKt start /.shut down cycles or 1< hr at ■ 
ciimlllated run tune. The engine shall have provisions tor each ot acces. . 
miniinmn m lintenance. and economical overhaul. 

The engine, when operating within the nominal prescrihed ^ 
thrust mixture ratio, and propellant inlet conditions, shall not iiuur 
;r service 1 . 1 ... chamher pressure oscillation, di.sturha, ices, o 

ramlian spikes greater than •o', of the mean steady-state .ham 
prossfirt*. 


r>. 


'I'hr » 

srrti<»M. 


is tu 


|„ .1 contoured hell with an extendihU /teir.ictahle 


H. Kngine giinhal requirements are ‘ I.', deg aiul ti d.-g in the pitch plan, 
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Effect of Mixture Ralio on RLW Category IV Enf:trie l)e>i^n 
Performance (Retracted Length - 57 inj 
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3.4.1 Design Point Data 
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Ka. h para, lotrii- des.Vii was oplini/.-d to mavim.im no.vl,. p.-rlorinan. .■ (or . 

K«vt-ii It-nsth. IVrlorn.a.uf prodiclions were made n-ana .lAWAF mett.odoloKv adjusted (or 
Ki.h) and ASK hi;:h area ratio test data. 
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Stated-combustion cycle chamluT t)ressure is constant as a function of n tractcd length, 
l>ecause the im reused lieal transfer anti pressure loss has no significant effect on available 
turbine power. Higher chamber pressure results Iroin increasing thrust for lH)th cycles, because 
of the imprtfved ci>inponenl eHicienci«s attainable w*itb the higher flowrates. Turbine power 
(and therefore chamber pressure) increases for the expander cycle as thrust is increased, since 
the effect of the improved component efficiencies is greater than the effect of the reduced 
turbine inlet temperature. For the staged combustion cycle, the chaml>er pressure levels are 
limited by (he pump tip speed limit (which limits pump disdiargc pressure for a given speed) 
rather than component ell'iciencies. 

A payload capability optimization study for the advanced expander cycle engine showed 
maximum performance at the maxinuim extended length for the three specified engine 
retracted lengths as indicated in Figure ;i-!(). A similar study for the siaged-combustion engine 
showed that, because of its higher chamber pressure levels and shorter comhustum chamber, 
area ratit»s are already so high that increases in engine lengtli only tirovide a slight increase in 
specific impulse, whicit is more than compensated for by tlie inc-case in engine weights. 
'I'herefore. maximum performance was achieved at less than the maximum extended length for 
the (>0 and (>') in. retracted lengths as shown in Figure 3-11. 

Figures ;hl2 through .*i-M present the advanced expander cycle design point (0/F fi:l) 
parametric performance as a function of engine retracted length and th'^ust level. Figures .'Mo 
through 0-17 present the same information for the staged -combust ion cycle. 

3.4.2 Minimum NPSH Effects 

The effect of minimum net finsilive suction head (NFSHi on engine inlet diameter and 
engine weight was defined for thrust levels of !0K, 2<)K, and :t(iK at a ntixlure ratio of 
Figure it- 18 presents ilu> elTee! of uxirlizer NFSH variation over a range of 0 to Hi tt on 
oxidi/er low-pressure pump inli‘t diameter and engine weight. Figure presents equivalent 
information for the fuel side for an NFSH range of 0 to 80 ft. Fuel \P.8H has a minor effei t 
on lH)th inlet line diatm^ler and engine weight. However, the oxidi/er NI'SH effect becomes 
significant as NPSH approat hes zero. 'I'herefore, it may he more payload effective to provide 
oxidizer lank pressurizal i<»n eapahility than to design the engine lo,* - pressure oxidizer pump 
for NI\SH levels of -.2 It. 

3.4.3 Off'Design Parametric Data 

Off design paranutric data has been generaterl for both lire advamed expander and tiu' 
staged-coinhust ion engine c\cl(*s, Ofr <h*sign pertormanee and critical engine cycle paranuders 
were defined for an inUd nrixture ratio extursion of rt.tt ti> 7.0 ir»r i»ptimi/.ed (>0-in. retr.rct(*d 
h*nglh engines at thrust le\i*ls of lOK. 20l\. and 80K |h. .Advaiued (*\p.uu)(‘r engine ot( design 
characteristics are showir in Figures :( 20 to d-22. whilt* Figures d 2't to d depic t the 
s!aged-comf)usiion (aigdiu‘ elt design clrara» t(‘ri>t ics. 

Ihiring oil design operation, t hamher pressure is held <‘onst,nU with mixture ratio 
Kngine oil des'gn pe? to'-jn.ou e clnirai terist ies are delineil using .I.\,\NAF method -logy ami 
correlation^ based on IM.IO and .ASI*' test rlala. Olldoign engim^ cule (Mranuder chara( trd 
i>tiis lor lie* opiind/Ml .7.7- and 8-7 in. retracted lengtli ('ngine-' art not d(dined. )»ecaii''e ihi- 
internal engine par.mu ler^' do n<d c hange .apprec jalil\ lh»\\e^er. i tudni* performance w 
allected hv engine leegilg and so, oil-design perlcninaru'e cielnu'd |oi all three ridracted 
lengtliH l.ii llie tvvo engine cu-|es and i> sliown in Figure^ d liii and 7. 27. 
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3.4.4 Paramtttric Cost Data 

Parametric rt»u^:h ortier-of-ma^'nitiulc (ROM) cost data were devel<»ped ior tlie advanced 
expander and sla^^ed-eomhnst inn cycle en^dnes. 'I'he advancer! expamier < vcle estimates were 
^^enerated by applv ifij^ a (actor Tor a f^reater “dej^ree of-dillii ulty” to ifu' estimates (or the 
RIJO derivative engines whose costs were estimated in P^T'i based uf)on riehnition of a 
relatively detailed j)ro^'ramalic analysis (see Secti<»n 7 <»f this report!, au^numled by RLlO 
pro;;ram historical data. The staj'ed-(M>mi)Ustion cycle estimates were essentially an update o( 
those lor the 'iO.tKm If) thrust, sla^(*d comlMJstion engine uefineci hv I*ratt & Uhdney Aircraft 
in RfT.'h (see PWA Report FR' 0 (’»ot, Advanced Space Kn^:ine Prelirnlnar> Desi^nf, which had 
been estimated f)aNed upon a (airly detailed pro^rrarnatic an. llvs^^, au^nunleti by experieme 
represented l>y costs incurred in the PAcWA XI.R-I2U start'd comf)Usri(»n riemonsiration 
engine pr<»Kram. 

Fi;iures .‘t 2H ihrou^:h d 'Hi present estimated I)I)'rAkK. proriuction. and operations pro- 
gram c()sts (excluding: projiellant costs! as a (unction o( engine thrust tor the advanced 
expander and slaved coinltustion cycle eni^ines. '['bese curves reprt‘sent a “ftc^t estimate** of 
tlu‘ realistic costs fit llu ^e programs (i.e,, not ‘ su< ( t‘ss dependent ” nor ossly inflated lover 
parallel developmeiU elb»rts m man\ are.isl. 'l lie Ii;:ures iiulicate llutt engine thrust level has a 
minimal ellecl on eii^ine program costs and tliat .1 relativtdv small diflerente exists in 
produclitin eosts between the IW(* c V( les. Operations costs are shown to fa* esseniiaflv the sanie 
lor the two c\cl(s as Ifiev fiave toe same time lietween ovtrliauls. However, tfure is a 
suli>tantial dillereru e in tfu' 1)1) IX H costs «►( the twf> eva les, I hi", eiiltereiu haseel on our 
aiialv sis, is i!ue to I lie consjderablv j;realer l omph vii v o( the staged ('otnhusiion cycle. 
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This itureased vuuplexitv result?» in a iar^'er iuiml>er of component, siiljsvstcm, ansi 
engine test.^ as w(»ll n> an in<rea>e(l amoimf of en^piieerin^ <lrs}|:n laht»r and (levflofnnenl 
hardware require<! In devel<»p the hi^'hh’ relcihle. operntionalls' llevjhle and I»»nu life (‘ii^ine 
required hy the () I \ I his develupinent cost diftereiue was dehned m our IlCil design “'tudu s 
nncl nothin^' that ha'- »K(urreil since has indicated that the complexitv «d a small 
sta^ed comljusti(»n enjiiru any lower or that de\i lopment is less ditficull than was indicateif 
at that time. 
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SECTION 4 

ADVANCED-EXPANDER ENGINE OPTIMIZATION 


4.U GENERAL 

A prrpoint siudy uas p<-rforin<‘(l to optimise thrust i hamlu*r ^'oometry and 

I Vi le variationN. and n»ntr<*U l«*r .in advanced exp.indp engine IVrfornianrp was 
opiimi/ed lor .idvaiur-d expander ♦ n^rme*' with thrust levels nl lo, !,*> and Jt'K Ih at a mixture 
ratio 4>t til .ind an engine retr.iitiil leMj^'th ol tin m. 'Ihe preliminarv t vi le studies eompleted 
previously provided ifie starting; point lor the ojit mii/al lou. Ihe liaselme expander cvde 
i o, tieiirat mn was used to optinn/e the lonihustmn eh.mdier pninarv nozzle eonf i}pirat ion 
(i ha nher leiiL’th, l oiitraiiion rat m. » « K»lani passage dimensions, etci. In additi<in, other studies 
were e« ndueled to detine eornpoiu nt variations that mieht prtivide tHrtonnanee improve*, 
rnents. 'The n-sults were evaluated mnsuientu: perlormaiue wt i^ht trade tailors, hie reipiire' 
nienls, inipaet ol eontrol reipiirernents, el< . A preliminarv pouu desij^n en-^ine eyvie was 
ileli-rmined lor ea< h ol t lu‘ three thrust levels ami was UM*d to ^;eiu*rate power halaiue jiomts 
usin^ a liNjiass tjovv margin based on HI. 1(1 ext>enerue. 

4.1 COMPONENT OPTIMIZATION 

Ihe baseline advaiiitil exi>inder ivi !e engine eonlieuration tshovvn in Fi^uire -111 Wits 
deluu d in iireitmmarv t vi le studies prior ti» ibc parainatrie data in l ask *J ol this 

studv. Some o! ifu- en;;iiu i uni i^urat mn s<>hetmns isueh as the i;t‘ared drive svstem of the 
en^rine lioost punipst were extensivelv ev.du iied in earlii r roeket engine studies and du<* to 
relalivelv minor elln ts on en^nne tH-rtortiMnei . lhes»* it« im were not (onsidired 'The baseline 
em^ine i oni i^urat ion prov ided the st.irtini: p<nnl tor the <n>t inuz.it ion. and the elleets ol fmd 
pump t onli^iirat n 'll. turbine i otil i,;ur.it ion. rej^enerator et tei t iveiiess and l oolant ilow roulint: 
wen ev.ihiated relative to this ronl i;:urat ion. CKidizer svsltun lompotuuit variations were not 
ev.iluati i due ti» ibeir small etteit on eimme pertonnaiui'. Table I I presents a Mimrnarv ol 
tbi- results <»| tlu' evile opt i iiuzat ion. the ivile vanations evaluated ;ire dis< ussed st^piarat eiv* in 
t lie lollowin;^ par.ieraplis 
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4.1.1 Fuel Pump Configuration 

'Hu- oi m» turl pump -p. t H ln»in \n 1 ‘>u.uu i rprn .iiid adding a 

sta;:i* lo thf Im-« Imt tu«> m t:;< puiup urn rv.tluatt (i al ifir l<d\ thru 1 Ito *1. ''ituv tla* ^rt-alrvi 
piTturinam (• rllril HHini In n -,ili/rd lloTr li;^u?r I J >li«»u- I hr i>n altam.thlr thamlor 

prpNsurr nt lurl pump >pt rd l'*r luith and i ^1a;;t* pump-^ I lu* ^ IiMI p-.[ t fMfidu*r prr>''.urt* 
c ham:r n aii/fd Ir^m I lu- M>rrd uu rt a-r .aiK uk rra'-r^ ^pr* thr impuhr l>\ u 7 mo', and tlu‘ I l'» 
pvi t hittnfirr pro'-uir i:ain Iroin l!ir .idditpaial pump "-ta^:r n utiu v^^•rth O !l ^-vi in impuKr. 
I hrxt* ^aiiix in >pr- ifa unpuKt* afr Nin.dl l>r( .ni'^r llir 1 -( Iinr rn^.iMr < h.imtu^r pr«‘''"Urr i- 
iilrratly 17 *lMl p^ia 

Ki^nn* I '* '*ln*U'» ihr MMp'd"r i Itanut’ rt '.tdtino imm a loii p*'i » lian^r m i fiarnlitT pfr'^'^urr 
;jN a lliniiiMM ul ha'-r t h.mdirr pir''>.i rr. I In- data indiralt'-' ifsi! tin pri 1 1 'rm.un o 'K^ain tor .i 
^jivrn t hainhrr pri -"'tirr un rra^r dm))'. u .int Iv .t*- ha'-t- 4'hamlM-r pir'.-a rr i> iiuTi'a-'rd. I I ♦- 

it >tar4‘ tin i pump ua** not nuorporatid ml'* tin- havrlinr m;.'i;n -..,ur,it lun lu- 4 au''r tin 

"Miall ptTtormainr u;rrr t-»- did !imI ;uail\ «:n .itrr mvi and ;timplr\iiv and iM-r.m-t- •-) dn- 
pn^sihilitv »*t 1 ritual pridiliiii' fi-ullm.: uilfi I In- l<-n^rr rtiiu:r:-d pump 'halt I In* •'ana- 

n.i'oniur .{pplh-v t«) I hr "(* rd uiifi .I"* . lln ■'in dt pi-rl* •rmam <• uurra-r <ti * ^ m»i |ii>lit\ llu r;"r 
ul u-sultin;: p!t»l - ir.;.: aU sh.ili diai-n Irr, t;rariho, rira 

4.1.2 Turbine Configuration 

.'^t*rn ’ and parallrl t urlmu* t uni r ural lun- urrr j v aluaird Knair'-. I \ and \ ► < 1^,J^arr 

tin- t hand n*r prr'vurr a U i n.i i)i< u il 1 1 i arli 1 1 inl i^ur.P lun .> a I nu* i ; ut I ml )mmp ilu i li.ti 
pH’-'-'Uru lor I u. 1». and J<d\ tlnn-'t irw l> I fn rr i^ h .*•> 'han a p>i t ham!-' r nr 

d 1 1 1 rn-iu 0 hvlu ii-n t hr 4 * n it i jn 1 1 at n*n > a t all pm a j> d i-i h.i r^«- J>r 4 "'''ni r and t li rusi h-\ r l>, anil tin- 
si-rii'N ( 4 >nt ir.il !ui; prak-^ at a :-lnd)t!'. Iii^hri 4 haml)ir jMC'"Un‘. I In- >rri( ' 4rint i::nrat i< ai ua> 
s(-h*(’tiMl tur tin- ha>r!ni* 1 i!,;mr hr* an «• ii i»t|uirr a h---- iTimplrx tiuu 4 untr<d il tn the 
|)aral!i-l 4 nnti;^nr.ii n»n. and prn\ idrs r'>rnlja!i\ 4 4jua! p4 rlurmam 4’. 
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4.1.3 Coolant Flow Routing 

Pariillel niui rountfrllow thamher/nozzle coolant flow routing: schemes were evaluated 
(see Figure 4-61. Split How c(K>ling was not evaluated because it provides no perlorniance 
advantage lor a system with geared engine- mounted Ixxist pumps, and rerpiires a positive 
control to provide the (l(sir<‘d (low split at all ojuTaling conditions. Parallel How cooling is not 
norinaily used for a regenerativelv cooled charnber/no/./Jc b^'cause the high heat -flux levels in 
the chamber W(Hild cause sigiiificant deiisUv chan^i's ( M io 11 m the hydrogen loolant 
intn»duc4*d at j>unif) discharge conditnms 'I his could result in insufficient cooling during 
off design engine operati«>n increasing the risk oi i<H>lant channel burnout. A regenerator, as 
usi-d in tfu* b;iselm(> ailvamed expander cycle engine, beats the hvdrogen pritj- to routing to 
the thrust chamlier t oolanl t hannels limiting ilensity < hanges to less than 2 to 1 in the 
channels. I his allows the use of either tiarallel or i tuinterllow c<Mdmg Figure 4-7 presents a 
ccuiiparison t>f parallel and counterilow' coni igurat ion results. A chamber length limit of Io in. 
was determined for the fuiraliel conliguralion based on cooling limil.s at the tlir(vat. An 18-in. 
countertlow contiguration was then evaluated to determine if any advantage cmild l)e achieved, 
(’oolanl temperature rise characteristics are about the same for both ronf igurat ions. Pressure 
losses are much higher for the ciainterfl<>w ('ont igurat ion due to greater manilt»lding h)sses. For 
the paralhd configuration, coolant Ma( h iiumbe»r is reduced downstream ot the throat due to 
the noz/le expansum. In the couiiternow configuration, the coolant exit manifold is el the 
injector where relatively high Mach number levels are recpiired to provide adecpiate cooling, 
resulting in exce ssive pressure losses, rin* parallel cooling configuration was therefore selected. 

4.1.4 Regenerator Effectiveness 

'I'he eflt'ct of regc-neralor ef fe e l ivenc-ss on engine performanc e- was evaluated. Figure- 4 8 
shows pavload, wenght. and specific im[HilM“ eliaracteri^lics as fuiutions of regenerator elfec- 
liveness. Kngine pc rlonnaiu c* is improvc*d as etrectivem ss is im r< asc*d. However, as eflec liv(‘- 
ness is iiureast'd, tlu* comlaislion chambcT c-oolaiil inle t lenipc*ratur<* is also increased. As tlie 
ccM^anl lemp(*ralun‘ is increaM‘d. a ImiM is reached where' the comhustor hot sidewall tem- 
perature can no longer be maintained at levels that mec‘t engine life recpiirements. 'The limits 
on reg(mera!<»r (4fec I iv cmess to maintain engine* life were* determined to be 4:1. and 48. o', 
for the lit. la. and 2<tK thrust l<*ve*ls. re‘spe( lively. with a c liamber le ngth of la in. and chamber 
cont raci i«m rat io of -1. 

FROM RKCFNERATOR TL'KBINF 
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4.2 COMBUSTION CHAMDEn/PRIMARY NOZZLE OPTIMIZATION 

( harnber lentil h and tharnber contraction ratio Hfeits on rn^in(‘ pcrtormance and lile 
were evaluated at steady-state conditi«ms. 'Tbrust ( h.nnber c»>olanl teti'peratiire rise. CiM>lant 
pressure loss, and wall temperature char leterist ir^ were predifed. Ihe restilts were iised lo 
update entwine cyt !e perlormame predirti>ris and .issess ( b.imo. r cv* le life, d'he (»})linu/ation 
was completed at a thrust level of 1.">K lb. and the results were ext ra{>olaled t<i the U) and 
■Jt'K lb thrust levels. A ehainl>er Icii^th ot la in. and a chamber (nntraction ratio of 4 were 
selectf^d as optimum tor the udvai ced expander t vcie engine. 

4.2.1 Chamber Length and Contraction Ratio 

('hamber Icji^Uh sheets oii ( nolant temt»erat ore ri>(> and pressure h’-^s wtTi* evabiated «»ver 
a ran;^e of 9 t<» 1^4 in. ii contraction ratiti 4 and a thrust level tit l.'»K Ih. 1 he maximum 
chamber lei';^!h that satisfied ^roiind rule* recpiirements were ilelerniiijed tn be In in. 

Tiuoraction ratio eltVcts wt*re then evabia'ed at chamlxT lengths t>f p. l‘J, and la In. 

H}:ure 4-P sh<>ws the etti tts ttf chamber length an<! ( bamla-r conlractitm ratio tni coolant 
temperature rise, pressure loss and rhanifHT prt\ssnre. Figure 4-10 shtjws the eflects on sjiecitic 
impulse, weit^lu, and pavliMu. 'Flu* In-tn. chamber leippfi with a contraction ratit» 4 tonli^ura 
tion showe<l th<‘ b<‘st nertorrnani'e. 'rhrust points ui 10 and JOK were th<*n evalualt^d witii the 
la in, ( haml)er lenjith and contracti(»ii ratio 4 ( (mli^uralitm. ami tliis < tinfi^;uralion was 
identified as near optimum. Preliminary design points wert' {^nnieraled tor all three thrust 
levels with the la/4 cont i^nirat ion. Detailed thermal maps (sec* Figure t ill were ^en(*rate<l at 
critical locations to jiroxide the necessary infi»rmalion for the life analvsis. 

4.2.2 Cycle Life 

1'he cvtiic life-liinitiiif: iMiKtnc cinnponent is the nontiihular porti<m of the chamber 
assembly. Larj:e thermal ^^radieiits are t'enerated in a re|^;eneiati\clv iot)led ihrtist cImu.Imt 
dtirinj; operation. 4'hesc j^radit nts atTe< t the <*xpe( ted (>< lie life (4 the chamber walls, as does 
the lurtfier a^t^ra\atin^ condition of liiKb pri-ssure coolant wilfiin tht* w.dl passa^vs. Pratt A: 

Whitney Aircrall has <Ie\elop(‘d a metho<l f<»r anal\sis iit rnmtnhnlar tlmist chandlers that 
provides a comt>lete evaluation of lliennal cya le life, i!i tliat rfiermal ;;radients and th<* pressure 
dilferential a<rciss the hot wall are simultanetnisly treated. The j>last ic strains predicted h\ this 
prcKcdure are u.sed with NASA-Lewis strain ran^:e/L('F < urves to predict i vcU‘ life. 'I'he cvi le 
lile of the noniulnilar [)i)rti<m of the Advaiued pApander Knj'ine cornlnisiion (hamlu-r lias 
been estiinate*d lor the lO, In. and 20K lb thrust design points, and tiu* life cliaraclensi ii s 
satisfy the design recpnreinent level id I^Ott cvcU*s ti e., 4 limes the :>tMt engine duty cyclesi. as 
shown in Fij;ure 4-l J, 
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4.3 ENGINE OPTIMIZATION 

Ttu- n siills ot llic < ..plinii/atinn and c lianilM'r/ii<i//lf optiinizali.m were evahiaied. 
and prilnmnary pumt doicns were jifiu-ralrd Inr IM-. I.'.-. and :?(IK II) •‘iru.st It-vpl.s. These 
pnint desi^;iis meel ihe enj;ine ronlitiuranon and life re(pnremen(.s .sperified in ihe SOW. 
Conlr.il reipiircmenls were evalualed. and a passive control confifiuralion was selected liased 
on the hijjlier mst and lower relialiilily ot a minimum active control confisiiral ion. A [xiwer 
inarum recpiirioTient of .1’. turl.me l.vpass ||„w was estalilished based upon HUO production 
enx'ine data Knume thermal conditioning. start losses were evaluated, and a tank head idle 
mode ot ent;ine operation was selecleil to mimmi/.e losses durinj; thermal condilioninK and 
start. 


4.3.1 Engine Power Margin 

KMoA-.r.i prodiii tinii d.ti.t Wfts .surv<‘y<*d to (letermint- the expvH tt^d variation in 

til i prrformaiut*. KiKhtft-n prnduriion had Uvvn run during: atieplante 

testing: with the m■(^■^sarv im-aMimnt-nts to dettTmine Itvpass flow. IVrrtnt hvpavs Huw is 
sh(»wn in l*i^:ure 11 d h»r tat h <»l these prndiirt itm engines, 'rwo siandard deviations 
rnntiderue levtlf nt f.vpass tiovv were determined to he . Acoirdm^dy, turbine bypass 

(low (tor Ihe adv. Hired extitunh-r evt le en^;ine) was set at lo provide inarKin lor latisliral 
de\ ialit»ns from nominal mmpnnent o|Kralin^i t fiararterislics. 

4.3.2 Control Requirements 

I ii.^sive (ontrol and ininitmim arlive eoiuro! mnlij^urations were '*valu;,ted Itvr the 
advanred expander i vt le ('ontro! system simplieily is a primary ttimern in a aew 

en>:me desi^^n. Kxutn t l.t>etl IfH.p eontroU are highly expensive, relatively unrelialile. and 
retpiire suhstanlial devehiiiment testing:. 1‘he advamed expander eyele < n^ir.e valve require- 
ments are similar to t fiuse ot the HlJu (’ate^jory l\’ en^^ine Ishown in Fi^rure 1-M). (herelore. 
similar valve t imh;.;uralitios were considered in this study. As many <»f these valves as ptissihle 
will he at tuatetl usin^ initial en-ine pressures. Valves actuated l)v enKine-suptilied pressures 
do ml n qiuri-ciMirdination td external pneumatic and electric sup|>lies and tend to mTinali/e 
the en^iiiu' transiriits. 

All ol Ihe \;iKe> operule in an open loop mode for a pa^sive control < onfi^;llral ion. In a 
mimimim at I ive coni rol (..nlij;.ir.ilmn (HI, III CaleKory IV typet a (hr. 1 st coiUrol is added to 
Iiu main (iiel conlrol lo mainlain colisi.int chamher pressure al rated thrust, 'I'he thrust 
control is a normally rinsed, servo-operated, variable position bv|)ass valve used to c.mirol 
(h.iiaber pressure by the rey-ulation of turbine power (i.e., the contiol senses chamber pressure 
and \aries lurhine Ilow ttf maintain a toiislant pre*-sure). 

1he elteris Ml engine inh I pressure van.uii.us on thnist. mixture ratio, arid impulM* iire 
shown m Fi-ure I l.> lor .i pa-sive <oi>tri)l « nuti^uration. Less than a 1^’. change in ihrusi 
wtmid he exp.-ffttl dumiii a loii;: !*uin due to inhl pre--ure detay (assuming no t.mk 
ret>ressui I/at ion i wuh a pas'-ive eoiUrol 


Ki-un- I li; >bnu> oil <l,•^if;n mivlnre r.il io i hriisl eharaclerisl i. s for both conlm! , ,,11 
li"uralion.. I be pasMW' . i.olr..| -ires a III', incre.is,. in ibrist when ..per.iled oil (l,■.u:n al a 
iniMure ralio 7. aiui the minimimi arlire control r oiili-iir.il ion t;ives a 7" increase. I his 

in. re.ise woual oulv oc. iir il an a. iive pr.i|>ellant lit ili/.il mil sysiem rr.is re.piiri'd bv ilie O'l V 
Olherwis... i( nil ,|,.m.:u miMur. 1 ilio «as r.-.piired lor a spc ilic niisMoii, ihe en-ine n.nl.l b,- 
Irmim. d .luel cnnitol ,uid oruli/er .-oiilrols .•idjiisi,.,| | |„ provide n..miii.il llinoi ,u (1„. d. -ir. d 
mixture rafi<i 
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A minimum active (‘ontr<»l configuration would add approximately 2 lb in w’eight and 3 to 
5 million dollars in engine development cost» and provide a somewhat lower reliability than a 
passive control configuration. Hecause the difference in performance between the two con- 
figurations is negligible for an O'TV witlamt a jiropcdlanl utilization system, and the passive 
configuration has an advantage in cost and reliai>ilii>\ a passive control configuration was 
selected b»r the preliminary engine optimization. 

4.3.3 Thermal Conditioning/Start Lrsses 

I*rior to starting an engim* using cryt)g«'nic profiellants, (he turhoj)umps must he cooled to 
near liquid conddions. 'Phis can h(‘ acc<nnpli'-[u(i using i) tank head idle n'Hll mode of 
operation. This is a pressurt* feii mode i>l «»peratinu wi*li mairotating liirhopumps that can l>e 
used to settle propellants and provide low thrust leveU f<*r small AV changes in addition to 
conditioning llie pumps. Siiue the I'HI inode can l)e used for propellant settling, conditioning 
losses <mly incur during the time required to condition the purnp> after the propellants are 
settled, (’onditioning time is a tunction of th<‘ initial temperature of the turhopumps and 
t>n»pellanl flowrates during cotufilioning and shouhl be on the order o^ 1 to '2 min for the 
Advance<l Kxpander Kiigim*. Specif i< impulse U‘\els in THl are greater than fOO sec and are a 
strong function of the chainher jiressure level (propellant flowrates), 'I'his relatively high 
impulse le\el during thermal conditioning miniini/es losses, since the propellant losses are 
equivalent to: 



where: 

t, - time propellants are settled 
I, ^ ^ lime of completed coiidiiiiming 
Wp propellant flowrate 

Propellant flowrates jue relat(*d to re(jiiired conditioning time and specific impulse in 
such n way to minimize losses whether flowrates are hig!\ or low. n hen propellant flowrates are 
high, specific inqiulse is high and (‘onditiomng times are relatively short. When flowrates are 
low. impulse is lower and conditioning times are relati\ely longer. However with lower flow 
rates, the total proj)ellant (plant ity used is relatively low ns the cooldown becomes more 
efficient. Acceleration transient losses are minimal. Impulse levels are between the THl and 
rated thrust levels and start transient durations slnntld be less than 3 sec. 

4.3.4 Preliminary Design Points 

The results of the cyc le r.ptiinizaticMi studies we re incorporated in the engine design point 
definition computer progrs n operating points were then defined lor the nomin.d ratcMl 

thrust condition o: ;o , to , ami y f\ iulvanctd expander togines. A smninarv of tlu'.sc* drsign 
points is presented in 'ruble f-2. 
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TABLE 4 2. PRELIMINARY ADVANCED EXPANDER 
ENGINE DESIGN POINT CHARACTERISTICS 


Paramrtvr 


Thruwt. lb 

lo.ono 

ifi.noo 

20.fK10 

Sptritir InpuUe. st*r 

48n.:> 

482 0 

479 6 

Inlet Km 1 K|t»w. Ib/sec 

2.97 

4 46 

6.97 

Inlet Oxidizer Klf»w. Ib/ser 

17.81 

26 76 


('hHmiHT Kre>sure. i>sin 

i.:uri 

1 .r>(K» 

1.680 

Mixture Uniio. VeluHe 

6.0 

6.0 

6t> 


Oxidizer !,nti /Vc'Mirc Ihmip 


I?del I'ntnl Prjs'iure. pstn 

17.0 

17.0 

170 

Inlet NPSH. fi 

2 

2 

') 

l)iM‘h;ir*:e Kres>ure. p>irt 

71 

77 

80 

Speed, rpm 


2.980 

2.680 

Kflieienev. '» 

64 

66 

IV* 

Spei if'u' S|M*ed 

1.160 

1 .0t'4t 

1 .tV20 

Hurseixiwer 

5.6 

9.1 

12.4 


Furl ijur f*rcssure l\imp 


Intel 'I'nlal Pressure, psirt 

16.2 

16.2 

16.2 

Inlet NPSH. It 

15 

15 

16 

Disehnr^e Prt'ssure, p^in 

99 

47 

.64 

Speed, rpm 

97.600 

oo.fuin 

2t»,600 

Kffieienev. 

72 

76 

79 

Speeific .Speerl 

4.5^6 

.9.646 

9.115 

Horse|«>wer 

5.7 

10.9 

17.9 


Stain Oxidizer !\tmp 


Inlet Tntiil Pres«iure. psin 

71 

77 

80 

Inlet 'rempernture, ‘'H 

164 

iTvl 

164 

1 >»s( liarci' Pressure, psui 

1.990 

2.H^O 

2.265 

Sim'imI. rpm 

64,040 

.66, 7! >0 

.50.‘tfUt 

KHieietiev. '' 

rv4.7 

67.9 

70 I 

Speed le Speed 

1.420 

1.420 

1.416 

Mi»rse[>u\ver 

192 

90t> 

415 


Stain Fuel l\tmp 


Inlet Tl'tal Pressure, psia 

99 

47 

54 

Inlet reinix rature. *H 

97.2 

97.9 

97.9 

Disi harne Pre.ssure. psia 

9.925 

9.‘nKt 

4.276 

S|H't‘<l. rpm 

115.000 

lla.OOt) 

116.0(¥) 

Krt i( ienev. 

5H.6 

69.9 

67.1 

Speeilie .Speed 

565 

6<t5 

67(t 

Hi>rse|M*wi*r 

1.046 

1 .6R5 

2.226 


Furl Turhine 


Inlet Tutal Pressure, p«iia 

2.86,5 

9.44tl 

9.68.5 

Inlet TMtal rem)N*riiliin'. H 

967 

HH-l 

818 

Kl.m. 16v,.4- 

2.78 

1 29 

6 69 

KMh ieni V, ‘t 

6lt 

fV2 


1 6»r^cpn\\rr 

1.020 

l.tiliO 

2.20tt 

Perc «‘nt .‘\dmf'.si<»n 

99 7 

46 0 

66 1 

PressiiTi* I6it i< • Ui*f al statiet 

1,69 

1 .(;!) 

1 72 

Oyidfzer Tar hi n,' 

Itili'l I'etal Pressure, psia 

1.716 

1 .990 

2.040 

Ittli'l I'nlal rem|>erature. "H 

901 

816 

761 

Kln\x . Ill see 

2,78 

4.29 

6.<;9 

Kflii ienev. ' - 

74 

76 

77 

H<*rse]MiVi4T 

2U1 

9.'.0 

ltv5 

Per» enl .Ailnu^sinu 

87 

91 

too 

Presxtue H.ith* *fntal sti»iifl 

1 0!i 

1.10 

1 HI 
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TABLE 4-2. PRELIMINARY ADVANCED EXPANDER 


ENGINE DIvSIGN 
(CONTINUED) 

POINT 

CHARACTERISTICS 

Thrust Chnmher 

Chamber Pressure, psia 

1 Mh 

l^W 

1 .380 

Mixture Ratio, chamber 

6.20 

6.14 

6.10 

Fuel Injector JVP, psid 

12.S 

140 

1.«'0 

Oxidizer Injector paid 

200 

22.5 

233 

Ciiamber Throat Diameter, in. 

2.18 

2.f>3 

: 8 .3 

Primary Nozzle Kxpenwinn Ratio 

312 

248 

■;o8 

Nozzle Expansion Ratio 

778 

642 

.3,1 

Nozzle Exit Diameter (IDI, in. 

60.8 

64.1 

6ti.3 

Regenerator 

Effectiveness, *i 

36 

43 

48.3 

Cold Side Pres.sure I»a«, psid 

5 

6 

.3 

Hot Side Pressure Isms, psid 

7.3 

8 1 

8 6 

Cold Side Temi>eraliirp Rise, ®R 

260 

273 

2R3 

Hot Side Tern jw rat ure Drop. *R 

290 

303 

310 

Cham6er/^ozz/e ('oofont 

Pressure !>>«». fwid 

3as 

473 

310 

Temperature Rj.se. ®R 

610 

310 

443 


io;j 



Pratt & VVhitnoy Aircraft Group 

FR-13168 
Volume II 


SECTiGH 5 

LOW-THRUST OPERATION 


5.0 GENERAL 

RLlO derivative and advanced expander cycle enj'ine characteristics at low thrust were 
examined to determine the effects of extended low-thrust operation. The im[)acts on critical 
components and en«^ine life were defined, and performance characteristics were ^^eneraled. No 
modifications tt) the entwines were required to enable extended operation at low thrust levels. 

Kittin^^ of critical engine components for the advanced expander cycle engine was 
investigated to define possible improvements In engine perftjrmance, life, and reliability tor 
low-thrust operation. It appears that performance, weight, and/or reliability gains are 
achievable with a kitted version of the baseline advanced expander cycle engine specifically 
configured for low-thrust missions. The available gain and cost of kitting are provided. 

5.1 RL10 DERIVATIVE ENGINES 

The low thrust operational characteristics of the HLIO derivative engines were re\ iewed to 
determine the impact of extended operation at low thrust levels (7r»(> t(» '17.70 Ih, I. “F*a tended 
operation’’ was defined as the time required to expend the propellants of a full\’ tanked orbital 
transfer vehicle (OTV) stage at the low thrust propellant nt>wrates. Therefore, stage hum tiitie 
ratio is approximately: 

Low Thrust Burn Time _ Hated T hrust Level ^ !.o\v Thrust Spcc’ilic* Impulse 

Rated Thrust Burn I’ime Low Thrust Level Rated 'riinist Specific Impulse 

For example, w’ith an engine operating at the 10'^ ^ thrust i('\el. the engine firing duration will l>e 
approximately nine times as l<mg as an e<pjivalent -rated thrust firing duration. 

5.1.1 Engine Life Cepabiiitiee 

No modifications to the baseline designs of the derivative engines are required to enable 
extended operation at low thrust levels. Derivative engine accumulated firing duration beyond 
the specified life, is limited by turhopump gear and seal wear. I'he reduced stress recpiirements 
for these elements at low thrust more than com[>ensate for the increase in required duration, 
resulting in more missions between engine overhauls than on high thrust missions. P'ngine 
low-cycle fatigue (LCF) life is also increased at lt»w thrust levels due to the greatly reduced 
pressure strains (and, therefore, total strain) in thrust chamber pas.^age walls. Since the 
number of engine thermal cycles per mission is exf)ected to he independent of thrust level, the 
number of missions between engine overhauls would he greater at reduced thrust than at rated 
thrust. 

5.1.2 Performance and Stability Characteristics 

Only relatively minor modifications are retpiired to enable the Itl.lO Deri\ative engines 
to operate at reduced thrust levels. These modifications are presented in 'I’able 7-1 as a 
function of engine thrust level. A cavitating venturi is rp(julreti i>ctwcen the fuel pump and (lie 
nozzle coolant inlet if the coolant inlet pressure is less than 18H psia (hvdrc'gen critical 
pre.ssure) to isolate boiling instabilities in the coolant passages from the fuel pu/np. A lu’g/i-l<>ss 
oxidizer injector (Ap four times baseline (mglne Jip) injector is required for the n(*rivalive II 
engines below '27S thrust (8770 lb) to prevent c«)inbustion instability. Since the ('alegory I\' 
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engine has a high-loss oxidizer injector in its baseline design, no modification of this engine is 
necessary to prevent combustion instability. Low thrust performance characteristics of HLIO 
derivative engines are shown in Figure b-1. (This figure supercedes similiar inftjrmation 
pre.senled in the O'FV Parametric Data Hi>ok, PieWA Report FIM22fi:) dated ! Oct(tber P)79.) 

Note in Table .>-1 and Figure 5-1 that, in the range (rnni H to 12L <*( design thrust for (fu* 
Derivative IIA and UH engines, there an op.ion ol using ga^ itijeclion ora high iuiec;or. 

IWd upon both energv release elficiem v and feed ^vsteni stability, gas ga^^ inject if»n appf'ars to 
be more desirable. The specific impulse advanrage '•houn I^r ga> gas iniec tiou in Figure .7-1 
ro[)resents the eneigy release ctticieiu'\ advantage, w tin h is apprn\irnatel\' n.7'< at tliru^t. 

T he greater .stabilit y margin predicted l<ir g*is gas mif i tinn is illustrati-d in f igure .7 2. Altlvuigb 
both configurations are stable in the thrust range, the Ingh In., mie* lor is verv near the unstable 
region. 


TAHIT:.7-1. MODfnrATTONS TO Rl.io I)KRI\ MIM: KNCINKS for I.OW TTIRl’Sr 
OPHRAT'IOX 


Thrust /.ri I’/ 

f/M 

Ihruntu 4' It A. lift i."r\ J\ 


770-1 goo 7.'>o 


( Vireu i 

' /Ol, ('!'■'(/ fffl'.’jN 

• I I ,iv'l vrittun .nidi f| Im I hr f»n“l giiMve htxn 

!.e Vrt ti< >t I tir.-' ,( tti 1 1 h< 1.. \H •Atili 'rr \ .pp< »ri/< il m *'< >' i> 

i'V\i« II hi n ( \i h-tngrr p'<»\ntm'.: g.is tnii-i imn h> |i:i \» mI 
I M >n m-i (hilii \ .ifnI pruvuti in« rr.i^i-rt pi rfi >nit nh r 

it\rr lii|iiiil iniri i i<ui 


Ig 00 .l(,t 0 NV/\ +1 ( iiNifalmg si’MiiiM -met Ingh !<<..> iiueilor ;i<idi<l ftsul' I"'"' 

ini» ( li*r 0 '(|Mir» il !<• pri^M ui t otnlrel imm mot iltihtN 

JgIKI )M00 N’^A 1.7 It tn^tu-r pi » li it m.mi i- ih-«.irrit m s I llir'i'l mii ::4 i«i-i 

PitMin .’i |i. ih'ilu iiril hiw ihm-f « ii; nM 4 .m In- ktUi d lu 

httdmg it •.pi'l I d g.'xCMii, rp\\;^rn lu-.a i'Xt ll.UUirf III \,ip. ii/r 

all I hi' iividwi r 


:t7.7<l 17000 )7O(».}.V)O0 II \7,p,. 


5.2 ADVANCED EXPANDER CYCLE ENGINE 

Tlu* I.7K r rust point design engine defined during I lie foigine opt imi/atioii task of this 
study as selected as the liaseline engine. A |0L 11701) Ifi) tfirust level was selected as the 
low thrust o[>eraling point, which was midway In the low thrust range of interest tiooo to 
2(HM) ib tlirust )./ 

5.2.1 Baseline Engine 

Initial e\.dualion ol low-thrust operation iiulicaled tfiat. with the regenerator lo(:0ion 
initiallv user!, (handier etiolant exit temperatures were unai i e[il.ibl\ hi;:l\ I liOu^R), riir 
tidUfierat ' rt tonblein was rr*solved b\ mov ing t lie reg<*neraf<ir liot sKb* Iroin the ina • inr itdid 
to the turloiM' disihirgr. as shown in Figure 7:5. T'liis deereasi-s the fhiid It inpei .it urc !o 
aceeplalile h‘vt Is hei ause nf the high luthine hvpass flow h'vcl at low thrust Oip[>ro\ ima’ e!\ 
7o'» of availalile Howl, wlucli rediut-s the heal traiisler capahilitv of the regeneratt i. ' las 
eonliguration ehangt* has no signiticaiU efleef on full dims! op(r;,f ii m heiause of the h-w 
(urhine (iVfiass flow hvel ((!♦', ol the hy(lro‘a*n still passes thinugfi the regenerator hot aru f, 
'Furhine inlet temperaturt* eharaeU'risI ies a! 10' « tluiM an* shown in Figure 7- ! as a Imu it »n 
of inh t m\t lire rat i<». 
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Figure . 5 ' /. Adranvrd Expander Enf;ine Mixture Ratio Effects on Turbine Inlet Temperature at Lmr I'hrust 
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Life 

Krj^me lili* ( h.KiU li*ristii > wore evaliiatril, and no additional modifioations are re(juir(*d 
to onahlo oxttndod oj>ora!ior. at U>\\ ^hru'^' lo\«ls. Kn^ine-iUTumulated tirin^^ duration is 
limited hv turlxipump 'Hu* k dm ( d stresses on these elements at h»w thrust 

more than rotnfien-ale lor the inerease in rtxpmed duration, restdtin^ in m<)re tnissions 
het\e«‘en overh;mls than un ht^h thru-t rni -terns. Knj^ine lovv-cvele fali^^ue tLC'F) life is 
iiu revised si^uiil ieant Iv at low thru-t h \a ! I'hermal strains are reduced because of lower 
hot -wall lemf>eraturt s tapi>roxirnal( 1\ at tht^ same ()/Fl, and the pressure strains are 

decreased to an inNi^;mt icaiU h a'cI Since the mimher of enjtine thermal cycles per missitm are 
e\[)etled lo he relativelv inde| cmlent o! thrust le\cl, the nvind)er of missions hidween engine 
overhauls wouhl he Kf‘‘*der at re<luced thrust than at rated ifirust, 

5.2. 1.2 Stability 

Fuel svsiem Ixulimt in-tahi!ilirs ;uul lo\^ lri(|uemy ci>m!)Ustion instability are sometimes 
a i’oiuiTn in low thrust oti <i(si^n euK*ie. operation. Fuel system boiling instabilities (pressure 
osclllatitmsi o4(ur when rapid litpiifl to ;:a phase ihanj^e is initiated due t<i heat additiim at 
pressures less than i ritual pros-ure (ISS psia for hydrogen!. 'Fhese pressure oscillati ms. if m»t 
isolated Iroin the lurhopump hy some means (usually a cavitatin^t venturib can tauso fuel 
pump stall, ('omhustion insta!»Mitv tchu^j^inj:) results when injector pressure loss is t<x> low 
i_\l’/l*. • 0.0">) t(> isolate the injei tor lr»»rn the < ombustion (iroiess. With a lirpiid injector AF/P, 
is n duced pritpeal ionally as ihrr.st is dia reused, recpjirinu' a tfoO AFd\ injector pressure loss at 
lull thru'^t to provide an acceplahle injection pressure io.ss \ *l).0o AP/P. ) at 10b thrust. 

Oxidi/<T injec tor pressure loss is mamtaiiud at ^rtater tfian O.Oo AP/1\ at low’ thrust hy 
ulili/in;; the (i(>\ heal t xi han;:(‘r to \ap(»ri/t‘ the oxidi/er before injection, d'his not only 
provides adiapiate injei tt»r pr'‘.--ure loss for siahilily, Imt also increases specific imjiul-e at the 
10b thrust level hv approximately 7 sec, due to increased ctmdiustion efficiency. Figure o-o 
shows injector AP/i*. as a timetinn <»f inlet mixture rali»> for both propellant injectors. 

5.2. 1.3 Controls 

A passive control omfi;:urat ion was seletU‘d for low-thrust i>peration. During the en^i.'v 
optimi/atinn la-k. passive and minimum ac tive control i onfij^urat ions were evaluated f o * 
hill tlinisi operation, and tin* passive- (open h>op) control c'cml i^iirat ion was selected on the 
basis of simp ic ily, rontrol system simplu itv is a primarv conc'«'rn in a new’ engine desij^n. 
because c losed -hxjp c«>nlrols arc* more e\pc*nsive. less relialile, and recpiire suhstanlially more 
testing than c»pen loop c’ontrc/ls. 

'Pransu uts are ‘-ontrolled with an open loop sysivUi hy rampinj: control valves with time 
or c*n;:mc* pressur i**vel.-. Plus type* c>t ;ran-ic*nt ccaUrol has been used succi*sslu!ly liy tlie 
HI JO c*n^im*. Phe . '.th* en>:ine with the turbopimips ^c\ired to|:ether lend.- itseli to 

this kind n| Conir*.! bec.n '* - I u - uherent pnwc*r limit. 

Ftn ,m opt j op control -vstern. %oniro! \.dvc* area- are set during' .icceptancc* testing bv 
trimming llic tni^ine l<> ilu* de-irc-d ibru-1 and mixture ratio level- at mmun-d vehitle 
pn*jM Haul i'Jrt eoiiditum-. During tii;;h( i^perantm. propellar;! inlet londitiims can va.rv tro' ^ 
noininal level- lesullum m mi\;uro raiu*. tliru-l. and .-pecihe itnpulse variatitms. Fu:ure 'oO 
show- I lu’ eltc'i I - ol inlet urc satire v.arutl i»»n- on eni:me ptrlorm.imc*. Lc'ssthanb' v.iri.itum ui 
tlirust and imxiure rale> -aid u.o' in -petilu mipubc rc‘-\dt IroTU the e\trc*me> of c-xpt-tUd 
prttpc-Ilant inlet pn -'Ure ' .iriat um-. 
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5^. 1.4 Performance 

Low-thrust Kpecil’ic impulse charact^.rislics for the haseiine engine are presented in Figure 
r>-7 as a function of thrtist and mixture ratio. 'Fhe 2 to 5'« drop in specific impulse levels 
[)etween lull thrust and low thrust is almost entirely due to increased kinetic losses. Houtulary 
layer and diver;;enco losses remain essentially constant on a delta impulse basis. (\)mhustion 
losses decrease due to the increased combustion efficieiK'v result injt trom the ^as-j^as injection, 
and ideal im|)ulse increases because of the iiureased injector enthalpy due to j^reater relative 
heal pickup (enthalpy pumpinj^l in the charnber/noz/le coolant. 



NW 

OF 106764 


Fif^ure 5-7. Aciranevd Expander Engine Off Dcsii^n Lon 77in/s/ ('harm (er- 
istic, Revised RaseUne Cycle Configuration 

5.2.2. Kitted Engine 

Kilting' of critical engine com|>onents for low-thrust opeialion was investigated to deli '•e 
p<»ssihle improvements in en^tine performance, life, and reliability, liaseline engine life ^ 
low-thrust operation already sijtnificanlly exceeds all known refpnrements due t(^ the le 
severe opeuatin^ conditions, makinj^ kittift^t tor life purp(>ses not praelical. Kitting of (he 
lurlxmiachinerv was not considered liecaiise of tlie major cost impact. 1'h<* results of thi 
kiltin;^ in\ est ij^.il ion, iiu ludit^*: cost where apphi ahle, are prt‘>ent( (i in 'Table o-'J and discussed 
in llu‘ foMowifijt paraj;raphs. 
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TABLE 5-2. KITTED BASELINE ENGINE SUMMARY 


Wrifht Cent Impact 

Changf DDT&E Pnxluctwn 


Component Kitted 

Effect 

(lb) 

(tM) 


1. Controls 

InciYued Helitbility 

-16 

4 1.0 

^O.l 

2. ChAmb«r/Nozzle 

OptimitH Ursign; 


4 51 

+06 


+ 14.5 M’C Isp 




3. Regenerstor 

Optimised Design 

-18 

+ 1.5 

+0.1 


Hedcsi|;n 

b; 1. CjaU are rough order -of- maKnitude in FY79 millions and are increases above 
baseline engine Om'&K levels not considering required consumables or faciiity 
modificatiuns. 


costs a re \ >ct engin e cost based on a buy of 50 kit ted en g i nea. 


5,2,2. 1 Control 


The controls could he kitted to increiise the einrinc reliability potential nnd decrease 
€*nj'ine ueij^ht relatixe to the hastditie engine. 1 he (ucl ct>ntrol valve of the baseline enj^ine is a 
ihree-positiofi valve. II full-thrust operation is not required, the valve could be chanj^ed to a 
two-posjlion valve configuration. This would elirninale the actuation system required for the 
third position, which would slightly reduce engine weiglit and increase the re]ini)ility by 
retlucing the possilile failure modes. An evtut more significant advantage can he gained on the 
oxidi/er system. If full thrust operation is not required, (he oxidizer liquid flow system can he 
eliminated, as shown in Figure o-H. 'Phis change would also increase reliahility by further 
reducing the possible failure modes and decrease engine weight. A reduction in engine weight 
ol approximat(‘Iy lt> Ih can l)e realized hv kitting the luel eontr<»l and reirmving the oxidizer 
litpiid control system. 


5,2,2.2 Chamber/Nozzl 0 

Killing of the chjmiher/nozzle would provide reduced weight and increased specific 
impulse. Because of the high power margin at low fhrusi, ilie chamher/nozzle could he changed 
to a rounternow configuralion instead of the baseline engine parallel Row configuration (shown 
in Figure 5 9). This allows removal of (he regenerator becau.se with the counterHow configura- 
tion, vaporization ol I he hydrogen, hclore it is u.sed to ctH>l the chamher/nozzle, is no longer 
rerpiired. ( hamher throal area can also ho reduced and chamher pressure iiicrensed until the 
fuel pump stall line is reached or the engine runs out of power. I'igure 5-10 shows the fuel 
pump characteristi<s at low thrust for inlet mixture ratios of .5.0. (>.(), and 7.('. For this design, 
the engine power limit was reached before reaching the pump stall limit due to the signific.mt 
eycle power loss resulting from the regenerator removal. The increase in chamher pressure 
provides a slight dci rease in weight and a significant increase in specific impulse due to the 
increased .area r.ilio, increased injector enthalpy, and reduced kinetic lo.sses. Figure .5-11 
pre.senis the spccili, impulse resulting from the higher chamher pressure levels as well as 
baseline en uie perlormance. Kitting the chamher/nozzle provides a 35-lh rc<iuction in weiglit 
and a M.,5 sec increase in specific impulse for (he 1,500 Ih thrust mixture ratio <if 0.0 condilion. 
In conjunction with kitting the chainlier/iiozzle .assemhiy, the injector could he kitud to 
provide a slight decrease ('-.5 Ih) in engine weight. However, herause of the hi-h elliciem-v of 
gas-gas injection of the haseliiie engine al low thrust, no increase in engine pcriormame would 
h(‘ from the itqvrtor change. 
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Figure .5-P. Thrust Chamber Regenerative Coolinf* Scheme: 
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Fifiure 5-lL Low-Thrust Kitted Engine Performance Characteristics, Ad- 
vanced Expander En^^ine 


5.2,2,3 Regenerator 

The regenerator could be kitted to decrease enjiine weight. Because of the high power 
margin experienced (only GO^'. of the available fuel How is required to drive the turbine) 
during low-thrust operation, the regeneratrir designed for full thrust supplies a s\irplvis amount 
of heat transfer. With the parallel flow chamber cooling configuration, the regenerator is 
required to prevent thrust chamber hot-wall burnout. Replacing it at low thrust with a smaller 
desjgn, allows the regenerator to provide just enough heat transfer to vaporize the fuel prior to 
using it to cool the thrust chamber. This optimized low- thrust regenerator design reqviires 90 
of the available fuel flow to drive the turbine and results in a decrease of 18 lb in engine 
weight. 
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SAFETY AMD RELIABILITY COMPARISONS 


8,1 INTRODUCTION 

Crew safely and mission reliability are important considerations in the selection of an 
enj^ine coni ij^urat ion for the C)T\^ As part t)f the Task 6 eflort, reliability comparisons were 
made for the loK advanced expander cycle defined in this study and a staged combustion 
engine being considered for the (H’V. I'arametric curves of mission and crew safety reliability 
as a function t>f engine reliability were also generated for one. two and three engine OTV 
vehicles with, and without engine-oul capal>ihly. Helative differences in crew safety and 
mission reliahility wore then estimated f4»r the two engine cycles using the relative engine 
reliabilities and parametric curves estal)lished previously. The following sections dvscnhe the 
analyses made and results of the safety and reliability comparisons. Reliability definitions used 
in this study are given in 'Fable 6-1. 

TABI.K G I. DEFINITIONS 


1. KHiahitity 

Projected — e>4inriated l(»wer limit haaed on sample aize 
Kngine — probibility of engine operating normally cm next firing 
Sysli»m — probability of vehi<^ie operating normally on next firing 
Mi&aion — prnba./ility of mihsion being compleled as planned 
Crew (safety 1 ~ probability of crew returning safely. 

2. (Confidence level ~ probability that true .-cliability is equal to or greater than 
estimated 

3 . AcrountaMe firings — engine tests that are valid for statistical reliability 
demonstration purposes and excludes tests outside ex|>ected flight engine 
conditions. 


8.2 ENGINE SYSTEMS COMPARISON 

An/tly’sis \v,ts complt*t<‘d for vehicles enij)loying o:'c, lw’r> or three engines. A direct 
comparison of crew' safely atul ^sion reliability for these systems is shown in Figure 6-1. 

A.ssumptions for this analysis were: 

1. Of nil main en>;inf failures, 10', will dfstroy adj;ia>nt fn(,’inc{s» hut not 
(lain.aiif the remainder of the vehiele inehidiiit; the anxilliary propulsion 
.system (AI*S) 

2. Of ail main Migint* failures, will <lisable tb(‘ veliicle 

1 mxili try propulsion system (.APS) has same reliability as main 

i 'u . V »>) 

♦I. Nm rescue facilhu-N are avail.dilc 

а. Six l)urn.^ are rt’'piired to ccuiiplete mission 

б. Three buriiM art retpiired to rettirii the c rew 
7. No veiuclr damage results from .Al'S failure. 
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Of the ei^:ht configurations presented in Figure 6-1, a two engine system with an 
engine-otil safety mpability and a single engine system with an APS safely backup provide the 
highest cornhined crew safety and mission reliability levels. Figure 6-1 also illustrates that 
engine reliability near the present KLlO demonstrated reliability of O.lWi (iK)'i lower bound 
confidence) is probably necessary to provide adequate mission and safety reliability. 

Using assumptif.as similar t<» those proposed by Grumman as shown in Table 6-2, an 
engine system reliability of 0.y91)7 a* the tM)'< confidence level is required for a man raied 
vehicle. ( hanges were made to the (irumnian assumptions and the resulting reliability 
estimates are shown in 7'abie 6-.’i. 

1. Lfiss of entire O'! V crew is 1 in oO inste«id <)f single crew member 

2. Losses due to engine are 160 instead of 60', 

d. Ivosses in S'PS phase of mission are not considered in 1 in 60 crew career 
loss. 

From I able 6-.t. it is ajifinrent that a multi[>)e engine system with engine out capability 
require.^ a lower engine reliability. However, Figure 6 i> shows that to demonstrate this engine 
reliability would retpiire mt*re iha^' 2200 acc<amtal)le engine firings without a single failure. 

8.3 ENGINE RELIABILITY 

1 he inherent relialiilitv of an engine is a fun<*tif>n of its parts (e g.. C(mtr<»Is, mechanical 
and structural design, cycle, etc.) and can only be demonstrated by firing the engine. Figure 
6-2 shows demonstrated engine reliability at OOO ci»nfideiue as a binction of the mirnfier of 
firings. Ibis (igur*‘ .^hows that large numliers ol“ engine firings are necessary to obtain high 
dernonst r.ited engiiu* rt^liability and any failure reduee> demonstrated engine reliability signifi- 
eanlly. As an example o| the time refpiired to obtain high rc liafiility, deinonsl rated HLlMA-2 .2 
engine reliability is shown on the figure. 

Hetause of the excessive numher (»f firings required to olitain the desired deim>nstrated 
engine relialillily leveL, the inliere nt re liability ol tlu- O'lA' (ngme-s should be maximized. 'I'his 
can be ace“onq>lished by reducing the numher of fail’!;< niodevs (complexity) of ’he engines, 
eliminating single fioini failures wherever possible, and minimi/ing the number of calast mt)he 
Lailure modes. 


Gerntrol system simplieily is a primary driver in nluaining an engine with high inherent 
reliability. Figure tM shows the relative control minplexirv as a function of the numla^r ot 
engine p<irameters on e lose rl loop c<m dl. 'Phis figure i> conse-rvative situ e* only single measure- 
rne*nt injuits W(*re assumeri I ut in typical .tpplieatinn re dundant rneasure’inetil s are eitili/cd. 
figure to.) (based on ga> turbine engine eleetrtmic K»ntrol rehahiiiiy) rel;ite> the* emitrol 
comjilexiiy to lie n laiive number of failures, indirating (hat the mimbrr ol lailures increMse-s 
at laster ifian » one- to one relationship with e e.nif)K-\it\ . 'Hir- iMiirnales that unless the turn* 
and rnemey ar- a'.a f title' \o obtain a denmnstrated n iialalilv nuialu r l>v aevuimilal mg aa 
exce-ssive* numbe-r ol emgim* firi igs, a sinqile* engine- eye le with 
cemtrid feirutiems dmuld be‘ selemterl tlu* 0'P\' engine. 


minimum of clt>se(l-jo,i[» 


Single pe»int lailure' modes tan be rc'dtu'ed bv f>ro\iding realemdant svsteins. He^wiAcr ihis 
is luit always t)o>Mble*. ami m those eases the system should hr- m.ide- fad --.ife. and addir ionall v 
sluuilel l>e* (le-sigmd to ope‘rate* even with a minor rn.dfuiu tion (e'.g., rrngt hening the a< luaiors 
on a valve- s<» that it operate-s e*vt n if internal bindi.ng is (tre scnt). 
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TAHI.K 0 2. ASSl'MI’TIONS FOR MOTV MAN RATINC.* 

• MOTV' crrw memh'r carrier riak I in 50 

(i f., crew lareer lurv'ival rate " UUHi 

• Assumed number <if misMons |>^r rrfw 10 

mem^re r 

• Hence, crew mis«it»n survival rate. 0.99R U failure in 500t 

Thi'i per mission survival figure has to he al- 
Uxated l>elwe»‘n the S I’S an<i MOTV' phas< s - • 
making an arhilmry. even, division we have. 

• Survival rate tor STS phase of mission 0.999 (1 failure in 10001 

• Survival rate for MOTV phase of mi sion. 0.999 t) failure in 1000) 

f^rltminary AUttcatum itf MOTV Catastrnphtc Fatturr l.ihelthiMtd 


rnfirof Subsystem 

Altocalum 

Afissioru per Cafcs/rop/uc Fatlurr 

Main Propulsion 

50 

2.000 

R('S 

10 

10.000 

KPS 

8 

P2.000 

Avionics 

7 

14, (MK) 

yx'is 

10 

lO.tHKl 

Radiation Proteitiun 

12 

S.OOTi 

Crew Transfer 

3 

30,000 

FtKidAVater 

0 

oo 

Overall Structure 

0 

oo 

•Rctcreme: Sfunned 

( ).v \ n c h ro n t i u .s 

Mission Hei^uirements and System.s 

Anat\ ,si .< 

Sti dy, (irumman 

Aerospace Corjsiration. 7 NovemlxT 

1979 




1 ARl.K (, H, RIXil'IRKI) OTV KNC.INK RKI.IAHII.ITY 


('urtfifHtration 

AVi^'mc fieiinhibty 

Reliahdi: 


1 Hum 

.3 Hums 

Single Main Kngiite 

0.9999 

0,9997 

Tw'ti Mam KngineT. with 

0.«)995 

0 9f»97 

Knginr Out ('apahilitv for 



'rhrcc ( few's Safe Return 



One Mam Kngine with A1*S 

U 99S1>^) 

09^)97 

Hacknp for ('rew’s ."^afe Return 
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Fif^urc 6-2. Sy.strm Safety as a Function of En}^ine 






Fiflure 6‘4, Steady State Control Function Effect on Complexity 
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The nuitilier it cataslrophe failurr inodos of an onjiine is a fuiK-tion of the enttine cyele 
and the eonirol sysUin, An expander eyele encine has fewer polenl.-al eatnstrnphe laiiure 
modes I (, an a slatted eomhustion eyele engine heeatise it is power limited and requires fewer 
Closed loop control luiutions. CearioK the U.ihopun.ps tOKelher also iiureases the inherent 
rehahihly of an enjtme heeause i( reduces the iiumU-r of control functions and also prevents 
one <)l the turhopumps Iroin acceleratmt; and causin- u catastrophe failure. A series turbine 
enjtme conh^uralion reduces the ilow control requirements which increases the inherent 
rehahdity. 1 he most inherently reliable engine confiitiiralion would 1 m- an expander cvcie with 
open-loop control, a .senes turbine coot itturat ion. and the turhopumps ,;eared lottether. 

6.4 FAILURE MODE COMPARISON FOR ADVANCED EXPANDER CYCLE AND STAGED 
COI\?aUSTION ENGINES ^tAutu 


The slatted eombustion entrine evaluated in this task was a ->0K thrust enttine defined 
under ( erntract NAS.-^ It w;is amipared with the I.^K thrust advanced expander cvele 

enttine optimized m I tisk -1 ol this study. Operatiiift characteristics and the cvcie for the stafed 
combiistioii cycle enttine are shown in Kiftures h h and 6-7. Similar information for the 
exjmnder cycle enttine has been previously discussed. 

To accomplic.h tbe reliabilitv comtiarison. cycle pres.sures and temiier.itures and encine 
desittn and operatintt . btiracteristics were evaluated for the two confitturalions. A comparison 
ot cycle [lartimeter levels lor the two coiititturations is shown in Table tt- 1 while a conip.irison 
nl leaturos I nr racli is showi\ in 'I'uhlt* (>-5. 


1 iu* sla^a'd ('omlui.siion cn^diu* oporatrs a! a thamhrr pressure of 'J(MH) psia the 

ex[>ander cycle o|)erale.s at I.Wd psia. Recause of its hi-ther chamber pressure, the slatted 
combustion enttine ttencrally has liitther system pressures and leinpcr.ilurcs than the ex(viiuler 
cycle. It utilizes combustion products burned at a low mixture ratio in a preburn. r to drive its 
mam luiinps while the cx|.ander cycle uses hydrotten heated in the re;;eneral ivc chamber and 
nozzle and a rettenei.ilor to drive its pumps. The sltmcd comluistion emtme utilizes an active 
closed loo,) electronic control system while the expander cycle enttine uses soh-noid o,)cratcd 
valves and hydromcchanical -ontrols with no closed loo,) fum-lions for its control. In the 
sl.-itted i.mibustion enttine all |)imi,)s o,)eiale inde(>cndently while in the ev,i.ind. r cv, le encine 
all ,)um|)s are tteared lottetber elimiiiatintt the need for an .ictive control .system. 

Desittn lealiires and o,)eralii)K charticlerist.cs for the Advanced Kxt.ander cn,tine were 
evaluated to identity its lailure modes. .A failure mode and elWts anaivsis tl'MFM lor tbe 
HUOA-.l-;! enttine modified to reflect tlifferences tor ,|ie Advan«-<i Kxpander engine was used 
ns the basis. A total ol bti failure modes were identified for this eu:;ine. 

These failure modes were then evaliiale.l as to |.otenlial hazard ,uid classifieii as lo tbe 
likelihood ol occiim n.f. Definition of the classifications used lo ,;,.,de tbi- f.uinre modes bv 
severity ,u)d likcbho..d of curence are shown in T.ible i! l'. ami It 7. I'revu-us Kl.lo .■vpericnee 
with similar l.nliire rc.b-s , is well as advanced ex,).ui.ler enttine o|)cra:m;t tonditiens were 
considered m classilvmtt the laihires. It w.ts assumed lh.it rcdond.inl vehicle |)ro|)elI.ini v.dves 
and beliiiin htiiolt v.dves would be available. This would eliiaiiiati- the hazard .>1 ,;l| en nie 
lailures M i ned to lo.ss ol vehicle iiroi-ellanl- or liebiim. I be lailure modes id. iilitie.l .ind 
h;i/anl rl;issii inns ar«* siu»wn in r.ihlc n s 


On V Ifiur liiilurr iu.kI. s lor rho Atlv.ina-d Kxp.nuiiT vwpuv wvrv toiind \^^ ht* in ih, \p. I 
or No. ;hkrlv lo rausr nniiplHr sy^unn lt»s or omvt wMoin d.nn.t-f') H.i 

on this nnpihtT of h.i/.mloos l.iilnrc niodrs it was that oniv , of the l;h!urr> lor an 

A(ivaru(>(! I’Aji.mdt'r (aiump would ri‘sn!l in dam-a‘:« .an ,a<l|;n , nt Ln-mr. It vsas forihor 
<‘slinio(<>(! that only o . ol tiu- cn^^iiu' tailurrs uanild .{ama^'c th^^ vrhulr. 
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TABLK G-4. COMPARISON OF ADVANCBD-EXPANDER AND 
STAGED COMHUSTION CYCLE PARAMETERS 



Advanced 

Expander 

Staged 

Combustion 

Thrust, lb 

I5.(t00 

20.000 

Chamber Presiure, j>«ia 

1S05 

2000 

Chamber Mixture Ketio 

6.14 

6.43 

Oxidizer Bcnist Pump Discharge Pret uire, paia 

77 

133 

Oxidizer Binwit Pump Speed, rpm 

2980 

6020 

Oxidizer Bocrsi Pump Turbine Inlet Pressure, psia 



4438 

Oxidizer B<H>st i^imp Turbine Inlet Temperature. ®R 



<806 

Fuel Betost Pump Discharge Pressure, psia 

47 

74 

Fuel Boost Pump Speed, rpm 

30.600 

24,681 

Fuel BcKist Pump 'Lurhine Inlet Pressure, psia 



4438 

Fuel Boost Pump 'Furbine Inie Temperature, ®R 



<806 

Oxidizer Pump Discharge Pressure, psia 

2160 

4852 

Oxidizer Pump Speed, rpm 

56,790 

70.0(H) 

Oxidizer Pump 'Purbine Inlet Pressure, psia 

1950 

3297 

Oxidizer Pump Turbine Inlet l'cmj>erature, ®R 

815 

1860 

Fuel Pump Discharge Pressure, psia 

3390 

4563 

Fuel Pump Speed, rpm 

115,000 

95,000 

Fuel Pump Turbine Inlet Pressure, psia 

3440 

3297 

Fuel Pump Turbine Inlet Temperature, *R 

884 

1860 

Preburner Coml>ustion Pressure, psia 



3307 

Preburner (b>mhustion Temperatuie, “R 



186* 


TABLE G-r>. 


(’OMPARISON OF ADVANCED-EXPANDER AND STAC.ED-COMBUSTION ENGINI 
DESIGN FEATURES 


Comp<\nent 


Advanced Expander 

Igniter 

• 

Hydrcigen-f'ooled 'r<»rch Igniter 


• 

Tw'u Spark Igniters and Exciters 


• 

No Igniter l^ropellant V^alves 


StQfird Conthustion 

Two Hydroppn-C\v>|pd Torch Igniters tPre- 
burner «nd Main C'hiimber) 

Two Spark Igniters and Kxciters for Pre* 
burner 

Two Spark Igniters and Exciters for Mai 
Chamber 

Two Igniter Propellant Valves for Preburnei 

Two Igniter l^ropellant Valves lor Mai: 
Chamber 


Fuel B<Hrst 
Pump 


# Inducer ('lear Driven by Fuel Pump Turbine 

# Two Hydrogen-C<K)led Bearings 

# Sealed With Labyrinth Seals Upstream of 

Hear Hearing 


Oxidizer Roost • 
Pump 


Inducer (bar Driven by Oxidizer Pump 
'I'urbinc 

'Pwo hearings - Front LO, (’ooled and Hear 
I.H, Cooled 

Shaft Seal Package to Isolate (iH (bar 
Box from LO, in Pump 


Inducer Driven by Separate LStage Purbinc 
ffemeycomb Tip Seal 
't hree Bearings 


Inducer Driven by Separate 1 Stage Turbine 
Two Bearingc 

Three Shaft Seals to Separate Turhine (ill 
from LO. in Pump 


Fuel Turlaipiimp 

• 

2 -Stage' ('entrifugal 

• 

3 Stage ('entnfiigal 



Double Acting I'hrust Balance I’islcin 

• 

Balance Pistt»n f»*r 1 hnisl Bnlanrc' 


• 

Buck t(» Bac k Shroudc'd ImpeMrrs 

• 

External Seal .hunts ctn Fbich ( r<>ss Over fi» 


• 

2-Stage Partial Admission 'rurluiii' Drixe 


.Access 


• 

SImiiidc'd Bladr.s With Blicde 'Lip Lnl>vrinth 

• 

2 vSlage Tiirlune l>ri\#* With Cnr(S»hd Hl.nle 



Sc'ids 

• 

Shaft Seal Package Pressurized With l.H 


• 

Two Be arings Hydrogen ('cKiled 


Isolate Pump fr«»m 'rurliim* 


• Sheet Metal Liner in Inlet Manifold to Min 


imize Low (’ycle Fatigue 
• Four Bearings 
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TABLE 6-5. COMPARISON OF ADVANCED-EXPANDER AND STAGED-COMBUSTION ENGINE 
DESIGN FEATURES (Continued) 


Component 


Oxidizer 

Turbopump 


Gearbox 


Preburner 






Advanced Expande r 


I -Stage Centrifugal With Shrouded 
Impeller 

Single-Acting Thru«l Piston 
l-Suge Full AdmiRAi-m Turbine Drive 
Shrouded 1'urbine HW clefi 
Shaft Seal Package lt» ItKilule GH^ in Gearbox 
from DO; in Pump 

Turbine in Serieti With Fuel Pump Turbine 
Two Hearings - Frinit (awled and Hear 
Cooled 

Speed Synchriinized With Fuel Pump by Syn- 
chronizing Gear Between Two Pumps 

Common Gearbox bir AU Pumps 
Two Power Drive Gear Trains 
One Synchrnni;ring (tear 'rrain 
CiH^ Ctwled Gears With Dry Lubricant 

None 


r 




Staffed ComhuKtion 


1-SUge Centrifugal W'ith Inducer 
Balance Piston for Thrust Balance 
1-SUgr Turbine Drive With Unc<x)led Blades 
Three Shaft Seals With GHe Dam U) Sepa- 
rat** DO, from ('iHj 

Sheet Metal Liner in Turbine Inlet Manifold 
to Minimize l^w-Cycle Fatigue 
Four Bearings - Front LO.. C tK'led and Rear 
LK, Cmde<l 


None 


Co-Axial Injector 

GH^ (\ oled I iner 


Combustion 

Chamber 


Regenerative 

Nozzle 


Kxtendible 

Nozzle 


Main Injector 




Milled Cop(>er ('hannel Chamlier - Area Katin 
of 6.1 

ir>-in. ('"hainber !,ength 

Single Pass P.irallei How ( ooling 

Tapered 'Pubes Furniue Brazed 
;i60 'Pubes tlHO Short and IHO I.ongl 
Area Kalin of ‘JUH l 

Two Pass Cooling (Parallel. Then (\uinter 
Flow) 

Radiation ('tw led • (’arlM>n/('arlKm Material 

Area Ratio t>l (>40.1 

Ni> H (’ooling Required 


(^) Axial Klements 

Regimesli Ka<‘e VNitb (iM ^ iHiling 

Tangential Slot nvidi/er Kleiiients 






Milled Copper Channel Chamlier Area Ratio 
of 14:1 

Single Pass Counter Flow (” ending 


Brazed Tubular Construction 

4(>() 'Pubes 

Area Ratio of 175:1 

'I’wo Pu>8 (\>oling (Parallel, Then Counter 
Flow) 

Dump Cindcd With Cooling Flow f.om Fuel 
Pump Discharge 
Area Ratio of 41HV1 

Nozzles at Knd of Kach Fl.iw Tube on Nozzle 
1012 Round Cross-Section Pul>os 

|(W ('o Axial Kleminte 
Ri'gimesh Ka*.e With (iH ( «»<>ling 
('aps Parti. illv Over Kiitrarue of Oxidizer K!e 
nients Neat (Uidizer Inlet to (iiwn Kven 
Flow Distribution Airi'ss Injector bace 


GO Heat 
Kxch anger 


Regenerator 



Milled Channel \'\aU Coiislnulion 

• 

Channel W. 

til C4*nstruction 



'IV, . Passes for 1,0 . (bie Pass for OH Right 

• 

1 ,1 K al ed Ar, 

«und Mam ( litim 

M-r 'I'hruat 


Angle Flow 

• 

Pro\id»’s (,fi for IgniUTs. 1 

P and PHI 


(ifJ \al\c ('ontrols Flow 'Phrough Ilex 






Proviili’s ( lO for I P and 1 HI 






Milled Ch.inne! PI Me Coiistnuliim 

• 

Ntme 




Single Pass lor Both blows - Right Angle 






Flow 
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TABLE 6-5. COMPARISON OP ADVANCED-EXPANDER AND STAOED-COMRUSTION ENGINE 
DESIGN FEATURES (Continued) 


Comprmpfif 


Advanced Expander 


Staffed Comhuxtion 

Extendible Noz- 

• 

Uses Three Baltscrew Jackshafts 

• 

Uses Three Rotating Screw Jacks 

zle Refraction 

• 

Two Drive Motor* 

• 

Driven by Single Power Source 

Mechanism 

• 

Flexcable Between Jackshafu Maintains Syn* 
chronization 

• 

Flexible Cable Used to Synchromre All Screw 
Jacks 


• 

• 

Cam Lock Secures Nozzle in Either Position 
Electric Solenoid Used to Unlock Cam Ix>ck 

• 

Cam Lock Secures Nozzle in Position and 
Carries l^ad 

Controls 

• 

Four Solenoid Valves 

• 

13 Propellant Valves 


• 

Nine Pro(>ellant Valve*; (Two Make Up Main 
Fuel Control) 

• 

Uses Active Electronic Control Sv'sLcm With 
Redundant Features 


• 

• 

• 

No Closed- 1 xx>p ('‘ontrols 
No Sensors Required for Control 
No M(x!ulating Control Valves 

• 

Electronic Actuators for V'alves With Addi- 
tional I^neumalic Actuat(»rs on Six V^alves 
for Backup 


• 

• 

Electrical f’ower Required for Solenoids Only 
Seven Pri*j>ellanl Valves Are Open/C'Iosed 
Type and Two Schedule Areas 

• 

Cloned -Loop Control of Thrust and Mixture 
Ratio • Required to Maintain Safe Limits 
During 3'ransienU 


• 

• 

Opieraling Modes Are Selected by Actuating 
Various Combinations of Solenoids 
Active Control Not Required Because All 
Pumps Arc (ieared Topelher 

• 

• 

• 

Five Hedline Parameters Monitored 
Redundant Sensors Used for Major Control 
Parameters 

All Valves Welded in Place to Minimize 
l.<eaks 

Monitoring 

Instrumentation 

• 

13 Parameters Monitored 

• 

60 Parameters Monitored 


TABLE 6-6. HAZARDOUS FAILURE CLASSIFICATIONS 


ClaM I: Failure which i« likely to cau^e death or complete system loss. Includes loss of all 

vehicle propolIanU or helium. 

Class 2: Failure which may cause injury or major system damage. Includes major damage 

U> an enftine. 

Class 3: Failure which may cause minor system damage resulting in a mission alxirt. 

Includes minor damag e t o an e ngine. 


TABLE 6-7. FAILURE LIKELIHOOD CLASSIFK'ATIONS 

('lass 1: Higl> f>rohahilily of (KTurrence at some time during lilt »*f engine. 

Class 2: MtKierate pndmhility of (K*currence at some lime tturing life of engine. 

'{* Low probahility of i»ccurrence at stane time during life of engine. 
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TABLE 6-8. ADVANCED EXPANDER CYCLE FAILURE MODES (Continuedl 
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TAHLK 6-8. AI)VAN('KI) KXPANDKH CY('LK FAII.URK MODUS (('..niim-pd) 
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Vtdume II 



13ft 


system pressure taiU not 
be relieved. Fuel pumps 
will experience a high 
pressure surge. 


TAHI.K 6-«. ADVaNCKI) KXI'ANDKH CYCLK FAII.UKK MODKS (('online, d) 
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TuJ>r rupture - 2 . I'HI. accrl 2 . Prf.f)e!l.inta »ill he hmt 

prc>^H-I].int ami over enifine may 

sti-idv :.lete ^hut down 
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tubrn 3 Tl i I. A< I rlrf. 1. Turbin* will bw* powrr; Yf# 

rtnti t»ng»t)0 may «but jIuwm 

Htfittly HlnU* 



l AHl i;-H. ADVAN('KI) HXI’ANDKK CYCI-K KAlLliKK MODHS (('oiUinuHl 


Pratt & Whitney Aircraft Group 

KH-llUtiH 
Vt)!ume II 



U\ 


O vp;iK. 7. TMI. nr(t'lef* ». S!i;;ht Uiva of pump p<‘r- 

.iloin .iri'l forinnur#*; pr r^%jhlp hf^n r»f 

v,f / .»/!, pr' p*'»l;jnt=4 rAprfK>/ifrJ. 

r't.r U.'ifprj I H\ »tw >* 

|ir< ‘ ‘-nl rf.ixifii; of 
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Desij'n features and operating characteristics for the staged combustion engine were then 
compared to those of the Advanced Kxpander engine to identify relative failure modes. The 
relative ctunparison was made because sufficient detailed information w'as not asailahle for the 
staged combustion engine to accomplish a complete KMKA. Kach comoonent was compared 
for both engines to make the failure mode comparison. The relative comparison of failure 
modes is showm in Tables 6-t) and 6-10. The staged combustion engine has at least 49 more 
failure modes that arc unique to it while the Advanced Kxpander has 6 that are unique. This 
results in the staged combustion engi.ie having a total uf at least 43 more failure modes than 
the Advanced Kxpander engine. 


TABI.K6 9. COMPAKISON OF !T)TKNTIAL FAII.UHK MODKS FOR STAOKO- 
rOMHl'STION KNCINK HKI.ATIVK TO ADVANC'KO-KXPANnKH 
KN(;iNK 


Component 

Failure 

Sfitfie Comparison 

Failure Sfodes 
Hazardous 

Hazardfus 
Failure 
Clas.sifu arum 

Failure 
l^ikeli hiK*d 
Classipraiion 

Igniter Sygtem 

Same failure iPinle's bh Advanced Kx- 
pander Kngine except: 





1. More |M)tenttal f«iIurcH ■ Two com- 
plete systems used in.stoad one. 

2. Igniter propellant valves may fall 
to operate. 

Some 
can lie 

3 

3 (many a\i>tema 
have redun* 
dancy) 


a. Fail to open (no ignition) 

b. Fail to close (may burn igniter) 

No 

Yea 

3 

3 

Fuel HtKwt Pump 

Same failure m»*<les a.s Advanced Kx- 
pander Kngine except: 





I. Potential for t»ne additional l>ear- 
ing to fail 

Probably 

not 



Oxidizer HoonI 
Pump 

Same failure nuKles as Advanced 
Kxpander Kngine 

- 



Fuel Turbopump 

Same failure miHjes as Advanced Kx- 
pander Kngine except: 





1. Potential for two addilitma) 
bearings l(» fail. 

^Vs 

2 

2 


2. Potential fur turbine failure due to 
overtemperature 

Yea 

1 

1 


ii M<»re potentj.il for failures as- 
WHiate«l with impeller rub Tses 

three stages instci.d of two 

Yes 

3 

3 


4. More potential for failures related 
to s<*als. .Much larger temperalure 
ditleriiii’e b*'twei*n pump and tur- 
bine fluids. HI riapuml in sial 
package. 

Yes 




ft. Some potential for sheetrnetal liner 
in turbine inlet mamfold ami tur 
l)ii>e <li.^k iowT to tail. Not needed 
on lower temperature expamier 
engine. 

No 
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TABLE 8 9. rOMI’AKlSON OF I’OTKN I'IAL FAILl'HK MOOKS FOR STACF.D- 
COMBUSTION KNCINK RKL.VnVH TO ADVANt'HD-KXFANDKR 
ICNdINI'j (('ontinuocll 


r*omp<pfu*nf 

Oxidizer 

TurU>pump 


I’reburnor 


Main ('oinhustion 
ChamlHT 


Heji-norativt* 

Noz/le 


Kxlemiililv 

No/zU* 


Fniiurv 

Kfode Companion 


f*ai7ur«* Modes 
Hazardous 


Hazardous 

Failure 

(lasst/u 


Failure 
l.ikelihot>d 
(Vaxvi/i( of ion 


Same failure nuHles aa Advanced Kx- 
pander Knj;ine except; 

1. Potentiid for Iwu additional In^ar- 
inis failurxst. 

2. Potent iul for turbine failure due to 
overt en.perat lire 

n. Mure notential for ^aihlre^ related 
U> seal: . 

a. Much larger temperature dif- 
ferenc** lielween pump and turbine 
fluids. 

b. Potential for failure of (iHe supply 
to seal packiij;e. 

4. Some (H>tential for sbeeliiietal liner 
in turbine inlet manifold to fail. 
Not needl'd on lovier temperature 
expander eiijjine. 

All failure modes are unique to Staj^ed 
('umbtis:imi Ktq’ine since preburner 
not reqiiireil tor expamler en^jinc. 
Some preliuriier failure nunles whiib 
could occur are; 


Yes 2 2 

Yea 1 1 

Yea 1 2 

1 3 

No 


1. Non unilorin tem|K'rature profile Yes I 2 

could cause turbine <{i.siress and 

failure. 

2. Non uniform liner ciKilin^' could No 

cause biirnmit t>f preluirner com- 
bustor. 


Same failure nuKles as Advanced Kx 
pander Kn^ine t'xcept; 

1. Heat flux bif^ber more potential Prob.-ibly 

f(»r chamber burmuit. Not 

Sami' ( ill. are modes as Adsaiued I'*x 
p.iiuler lai^me ex»ept. 

i. Meal llux blither more potential !‘rol).d.!v 

for no//.le tube btinioui Not 

More [lotenlial Imlure tiunlcs with 
dump cooled no/zle 

I. Poti'utul for lube ImrniMit due to Prob ibly 
blocka^<* or pmu distribution of Not 

cnoluq; ilou 
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TABLE 6-9. COMPARISON OF POTENTIAL FAILURE MODES FOR STAGED- 
COMBUSTION ENGINE RELATIVE TO ADVANCED-EXPANDER 
ENGINE (('onliiiucdl 


Hazardttua Failure 

Failure Failure Modei Failure Ukelih(tod 

Com ponent Mode Comparison Ha zardous Clc s sification Classification 

Main Injector Same failure mi>des a» A'Jvanced Ei* 

pander Engine. 

GO^ Heat Same failure modes aa Advanced Kx- 

ExchanKer pander Enjjine except: 

1. More (MjtentiHl for failures because No 

two valves (fuel shunl and (lO^ 
flow control) are used to contiol 
heal exchanger fli>w8. 


Extendible Nozzle Same failure modes as Advanced- Ex- 

Retraction Mech- pander Engine. 

anism 

Controls Many more potential failure im>dcs in 

control ayslern: 


1. Potential for four more prt)j>ellant Yea 

valve failures (13 vs 9 valves used) 

2. Potential for failure of actuators Ye.> 

on all valves. 

3. Potential bir misscheduling of Yes 

three modulating valves. Critical 

during transients. 

4. Pi»tential f<»r many failures in elec- Yes 

trunic control system and as 
aocictud electrical equipment. 

5. Potential for failure of closed -liiop Yes 

control sen.sors. 

6. Potential for failure of five redline Yes 

parameter sensors. 

Monitoring Same failure modes a.s Advanced Ex- No 

Instrumenta- pander Engine except potential for 

tion many more (f»() vs 13 parameters 

monitored). 


1 2 


1 3 (redundancy 

on major 
valves) 

1 1 


1 


I 3 

I 3 


'Fhese rclati\t* Iniltirc iiukIus wuri* e aluatod In asif'rtain if they wniild ht* ha/.irdnus, niui 
classi!i(‘d lor stAt rity and likt iihood ti.'^inu ilu* sanu* i ritrria as used oariior ft»r ifir Advam ed 
Kxpanrli^r iqijdtK . 'i’liis inlorinalion is iiu lud(‘d in d'al)I(\s t> i) and tMO for failuri' mndu. A 

tidal id ,d I he lailurt* modus uniijiie to tiu* stained cond)uslion i wt n* found to liax e No. 

1 nr No. 2 ha/ardon-^ i lassil ical ions. One was lound in llu* d l.nhiru niodt-.s imiqui- to ! lu* 
expander eyclr rtioine. fiased on this information il was estimated that a «>f the tailares t\»r 
a slant'd eomiiustion ( iqdne would result in (]ama«^e to an adjiu'enl en^une. It was id -n 
estimated lltat at lea.sl lo' » w’ould result tn daina;:e t<> the^ vehicle, i'his comjKires to i] ami :C , , 
respectively (‘stimati'd for (he Advanced Kxt»ander The number of failure rnmies 
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estimated for the staged combustion engine is probably low since sufficient information was 
not available to make a detailed evaluation of the control system. However, many more failure 
m<Kies than indicated probably exist in that area. 


TABLKG-IO. KVALUATION OF FOTKNTIAf. FAILURK MOORS UNIQUK TO AD- 
VA N C R 0- EX FA N DRR K UiW N K 


Component 

Failure Mode 

Failure Modes 
Hazardous 

Hazardous 

Failure 

ClaMstfication 

Failure 
tukelihood 
(’/aivi/icaf ion 

GparlKtx 

Failed (ceur 

Can be 


3 

Controls 

Failed solenoid valve - Four used on 
Advanced Kxpander ('yd*? Kn^ine. 





1. Start solenoid fatlb <f[>en at hut- 
down. Inlet valve?, will reniam 
open; engine will be shut d<»wn by 
fuel shult)ff valve. Vehule pre- 
valves will prevent any significant 
propellant Io»a. 

No 




2. Start solenoid has internal leakage 
during all operating modes and 
coast producing unscheduleii valve 
actuation. 

Fossibly, if 
leakage high 

1 

3 


n. Failure of other solenoid valves 

_No 




6.5 MISSION AND CREW SAFETY RELIABILITY COMPARISON 

'Fo compare and <icvv safely reliahilil ies for ihe slaged-ci>mbustii>n and ad- 

vanced-expander ( V( le engines, it was luaessary that cstimalts of both engine reliahilitv and 
the percentage (if (ailures that could damage the seiiicle or an adjacent engine l>e made for 
both engine c(»nf ignratii^ns. 'I'he <iamage to adjacetu engines was m‘(‘ded to deiertnine crew 
safety r(‘lial)ility on imilliple engine vehicles wfiere the <Tew can return safely using a backup 
propulsion system or with or^e of tw») engiiu‘s out. 

Although the Ads.mced-Rxpander engine has ni(»re valves than the (urrent KLlO. 
elimination <jf ihe tioseii loop thrust iontroi and pri»p(*l!anl utili/alion mixture ratio control 
makes the total numl>er of failure modes marly the same as the RLloA-d .’l. The current 
demonstrated confideme rcTiahility for the HLlOA T M engine is (based on 112 1 

accountable firings). Since an engine's relialnli^y is related to the number of p(»tential failure 
modes and engine ( onfiguralion (e.g., control >\sicm, cycle, <‘ic.l it was assunu-d that the 
advanced expander (\cle would have essentially the same peneiitage <if aicouiitable firit^gs al 
FKC' as did Ihe IH.H5A 2 Based oti a total of !2ot) firings for llie ad\ amaal expander c\\ le at 
FfX\ it is estimated that 700 firings would be arcounlable for relialiilily purposes. 

TTie slagetl-ctanbustion tmgine ci»nl igural ion (from (Tmtratl \.\SK .22'.e.Md is similar lo 
the SSMK (e.g. cont'^i'' system, cycle, etc.) and is expi-cted t(» liave .i similar nui?d)er Of f.iiture 
modes. T'he projiM lcd peixentage of accoiiniahl * to total firings at I-'BIT' tor the SSMb' 
(22, oO ) was appli((l to Ihe estimated total Ud0(' engnu* lests at FfT’ were (stimati'd un<ha 
C'ontrai t NASH .22T!Mi) to be a<*c<anplisbed (ni a staged (‘ombu'-t it»n ll I‘\' eijgine. T lii^ re"ult in 
an estimate{| 22o accountable firings at KK('. 
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Usinj; these assumptions, demonstrated enj^ine single hurn reliability at FF(' for the 
advanced expander cycle was estimated to he 0.0967 and for the staged-cornbustion engine was 
estimated to l)e 0.0808. 

These values are assumed reasonable reliability estimates ft)r the two en^dne configura- 
tions, based on the information available. 

Huring the failure mode comparison, estimates were made of the percentage of engine 
failures that would disable the spacecraft or adjacent engines fi>r both the staged com bust ion 
and advanced-exnaiuier engines. New parametric curves of crew’ safety reliability ns a function 
of engine burn reliability were generated using these values. New curves were generated for tlie 
two engines with <me engine out, and one engine with APS backup OTV vehicles only, since 
the previous parametric curves had shown that more than om* engine is needed to provide a 
reasonalile crew safety relialiility level. 'I'he.^e c urves are siiown in Figure 6-8. These engifie 
reliability values are estimated on the curves. For relerence, missii>n reliability curves are also 
im hided w'ith the engine reliability values slujwn on them. 

'Phe following crew .salety and mission relialiility values result for the advanced -expander 
and staged -combustion engine configurations: 


1 Main Faigine 
VV'ilh APS 
Ha(kuj) for 
C'rew Safely 

2 Main Hngines 
With Knguie- 
Out ('apahility 
for Crew Sal el > 


Advanced Expander 
(0 . . 9.96 7 rn ■ R* ’ It a hi li t\) 
hfissitm ('rt iv Safety 

lief i a hilt t v Reliuhility 

0.9804 0.9901 

0.9804 0 9996 


Staged Comhustitn} 

RcljaJnlity) 
Mt ssion Crete Safety 

Ret i a hility^ Iletiahi lit\ 

0.940.4 0.9697 

0.9404 0.994.5 


0.91U1 0.9987 0.8S42 0.9809 


These data indicate that both crew safety and mission reliabilitv will he significantly biglirr 
with the ad\ aneed-extiander engine than with the staged-c oinhovfion 4*ngine. While tla^se 
absolute levels may not he exact, the relati\e lev<‘ls and trends .-hould he indicative of tlu' 
differences that exist. 
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Configuration 

Mission 

Safety 

Mission keliabihty 

Safety Reliability 

1 Main Pnginc, 1 APS 

1 ME 

I ME or APS 

M2 

S2 

2 Main Engines 

2 ME 

1 ME 

M3 

S3 


Assumptions: 

• 30?^ of main cn^nc failures for staged combustion cycle destroy 

adjacent engine but not AI*S 

• 6% of main engine failures for advanced expander cycle destroy 

adjacent engine but not APS 

• 15*^ of main en^'ine failures fer staged combustion cycle disables 

spacecraft (APS) 

• 3% of mam cnpine failures for advanced expander cycle disables 

spacecraft (APS) 

• APS IS equally reliable as main engine 

• No rescue facility 

• 6 b urns/mi ssion - 3 burns/s«ifety mission 



l-ttiiirr fiS. i )T\' liclujhili(\ Wtih Adi an* * (I 
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SECTION 7 

’>ROGRAM PLANS 


7.0 SUMMARY 

Developmen! pi. ms est.Tl>li''he<l for modifird ir»0(K)-lb ihru>! en^Mrus (De- 

rivatives II A and MU) and <»ptmit/.ed expaiult-r eyrl<* KLlO engine (('atefjory I\ ) in tlu- 
('ontrad NAS8-!iS^)M) “I)e>i^i^ Studv ol KLlO Deri\ at ives” were u^ed as the bans for the plarw 
presented here. Plans were adjusted to relleet tlu* proviirenient lead tiine> ri^rrenlly Ikuh' 
ext>eriemed. and any new intormation available. A prtjj^^ram j)Ian f<»r the new ir>K lb thrust 
Advanced Kxpander (\cle Knj;ine was jjenerated dvmnt: this study. 

The engine deselopineiU t>ro>:ram approai fi u>ed in the proj’rain plamiinj^ t^r the 
('ia)trait NASH-JHitSl) stud\‘ w.is baNed on d<*sij;n verifuation .spentical i* >ns (I)\’S‘ which 
spec ilv the desi^m rt (piireinents and tiiethod of xeritvin^ the^e re<juiremejU'' tor tfie b i^elute 
KI do D' rixalive <*idine.'^ tl)erivati\<s IIA and IIU). |)\'S\ were H(»t j^enerated for llie ('ait us>rv 
IV enjtine, but an estimate of the xerilication program b>r this en^'ittr w,is ma<ie The 
Advanced Kxj)aiuler en^une was estimated in a similar manner. Ibe DVS's edabli'-b j 
minimum development jirojiram biaause the assumptnm is made (h.it the dexe)<*p»TU-ni 
program is “success oriented,*' and onlv one d4‘si^u, fiuild, test cvch* ihr<nn:li engine f inal 
Kli^dit ('ertilualion is ri'tjinred. Knowing that pre\i<»us HI JO and olhtr ri'< kit en;:im> u* . f“ I 
and devc matmt proj^rains ha\e not hem aca ou^pltsfa-d iu a sinjde cvt le. a redc^i. ; and 
reverifit ation eliorl has Ihhui considered m the total eii^diu* <ie\elt>pment j»ro^rarn j)!ai> liie 
tcilal (levelopmm! pro;;ram etfort ftlaniied lor each desijin vxas ha-<t d (pn <i.iia in<[ 

expiTience from [previous KIJO enj^ine pro^:rams. Die n-disi^n aiul re\ eril icat ion < tl*>rt wjs 
determined hv estimating: tin* I)\ S rcipiirrments ami <lediunn^* tlu‘se trt»m tlie total < :;^me 
devehtpmen! pro|:rani requirement'^. 

Preliminary pn^jiram pi. ms were <h-v eloped h»r e.u h ba-e!me emam* th-'^icu eont:-: jrav t<it 
the tot.al devidopnumt throuiih Final Flii:fti ( 'erf itu ai ip»n ‘Kf (’( Pronrai i plamou wa*- b nn 
DVS’s formulated lor t fio.^-e HI Jtt eii):ine compitnem'^ noi a!f « .id\ (piahlied. i i-.. i f *mp- ea :U ' f h.ii 
are not of tfu* same <'ontti:urat ton as ! ho'.e used in the itatinnal t t encim- ’h,i' i- 

current Iv used in the ( 'i*ntaur laumh velncii*. As staled al ■ \ (‘. a reth-^ii:n and r»*\t ntic.u nes « tf.at 
w'as incliidt'd to a< liieve a n-alistie total emrine de\e!i»pinen ; [>r«pi:r.m) ! la- rn.n'*r muIp - .'wi 

k(‘v fiiM'ision |Munls. as well as oth«*r '“ijzmlicant activities ol the^r pm were d< r t\e<| . e! i 

duration" estalilished ft>r tin- "jK-eilierl i.i"ks. I In* numher ot iiardu.oe » > 'inpiMient" and - ' - 

requiri'd in equivalent engine "♦ l". ami the number o} e:;;::ne te"i" were ■^pp i a,. <i tt»r b.c h r ■.» I 
))r.»^;ram re(juirr*inents and ihett>tal dexehppna ni riquin ineni " 

"lest faidblK"' rtqiiired hir r'Ui:ine d» \ • i' ►nmiaii ami ( Ipiujul Support Id, jiiamait {{♦'..! n 
ment wi*re ideuMtied. ^ fu r p'tuI uems. 'm ludini: p.u kaemi.V pre^erv a? iipo b UMiliP:' atui r? < ip 
actixiMe" wer<' .ii"0 "per itnai. 

Uudaetar\' ,md plarimru: < «*-t eslmi,ite'> iJ>r ( a« b bar line t ( atiL' rv ' De 

riv.itisa* M.A. Illb I H '. (*ate;:orv IV ami Ailxamed f'vp.Cidpri are preetUed in \<»1 ;!>' lii : 
tins Hep»»rt rbe^e . t i:na(e> were delta nunepi lef Jje dt \ t inpuu iM ptiaiie pr'>.;r.r 'Cp' 

first t»r(pduclinu uiui. and the f >p<‘r<it apti.d ami l Support program'- 
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7.1 ENGINE DEVELOPMENT PROGRAM APPROACH 

7.1.1 General 

l lir lur iht* lU.lM I env.itive HKrivanvts |IA. ||H. \U 

( iir-oi\ IV. .umI A(lvamt-*l K\|»;iiuUt ro-in»'> timsulireti m thi> ami iarlu*r >Uulv i 

|iu'limm,trv in n.iUirt* ami ttuomiMSN d<‘St“li»|nm iit throu;;}i lerniuaiunt. .u hir\ enunt 

cn-im* Inr poKluitinn, .mhI luhi tjprraliun^ >lartinu Irmn uirrenl «»[U‘ralioi 

Ki.loA Uc}im*!ot:v Thr |»r«t;^ranis are direert-d !.lN^ard rnininu/m^: ifie r 

nhitin;:l» ii-f <>| priAiiHiN IM Jn (Its rliipnuiit pr«»^r.im data aftd t\iu*nem mvolve<l 

anv ntaim devt lMptm nl i llMrl Ij\ vmf\inu tiul \Ut‘ ru‘:me di-M^n- nu*el llu* limds i»t t 
II a1 l lu’ lnwe^l Itarduari* levil. and iili-nt U \ injz inar;:in.d mndiluMi> i>v iimdiuii 

^ili-riur 1 1 \ It "I n-sH if'.ts at <iri,ol. miIk iniijH'Menl . i cnnpoiunt . Md*-\'«!4“rn and engine level" 

In tormulalinu the tim^rains. (■nip!i.i"i^ wa^ pliu ed mi making: a well mieirraieii ett'»r1 
verih the new di-sj^n rr(|tiirement>. njieratUMial mi»de^. and i:ri*und ^upp epnitmieiit nl 
HLU> derived entwines. /\n e»ential part n| ilii'* div eh >pment « linrt w«iv ihe earlv venlKatinr 
jxttential lailurc* rimdi*?' and jirepiirat inn nl detailed (nnim^eiu v plans tn eii^.ure earlv prnhl 
M»hjli«nis and ttuis. niiniinize irn[>ael <*n the pn*i:ram. (’hanue^ in the lia-elim^ de^LMi i nne- 
wtTP made nnly Inr the a*sniutinn nt problems and tor \enl\inu that the new desi^:n leatnres i 
the speedied refpnremenls at the lowest t»racUeal hardware as^tmihlv levt‘l as earlv in 
pro^;r{im as possible. Miir^iinal imtirovrrmnts wtTe exeimbal. 

Hii:h hardware and fatiliiv eo>is are risked in «»verstress lesiini: bevanse nl jk»"S| 
<atas! rn|>hie laihires that inav be mdun d, hiavever, selet tive <»verstresv tesimu ran si«:mliear 
redvu e t‘nmne development enst and tinu* bv aeeelerafiim the b*armnii r.ite, SuluninpMn 
tiverstress testing tmateriai sptaimen. rntatmi: pari -f»m. hnusin^r pressure, eii i is u 
extensively by IVVVVAlnlind andtnrrta t iimldemsai the Inwesi po'.'.ible hardware level, then 
avoidine risks nl djimai:e m more expen-ive hardware In addition to ibe-e -nbi tunponen! te 
seltative eomt>om*nt. subs\ virin. and enijtne tr''i res^ te-tv dionhl be mii^raied into t lie ove 
en^iine fiev flnpmenl protrranis as part ol t be design \ entu at mmi re< jnirenu'Mt 1 best- ov erst res". I 
re(|viireinenrs are speeilied in eiunne and iomp<»ne!ii DNS s. 

Salislaetorv verituatmii tluit all requirements have been niei is evtabbsbed bv a hTi 
Ibubt rert if ii iit ion dernnn>i rat ion eondueti*d iimlfT the 4ot:ie/am!* nt I he proi urin^ auei 
Certilieal ion ot 1 he serviee lite eapahihtv ol the de-mii i> a< a « .mphsla d ba>efl i»ii I he i umulai 
hte history o! all the development liardware. amt a tinal hie demount rat londuited n-m 
sinnitaied lypual im.ssion thity eyele. 

\’erif n at mn is based on tD deinonsi rat ion lliat the eoinpoiimts and eimines ean perlo 
within tin* mari^ins ]iilemi(*tl in the iie>i^n vslu n the i n^ine i> operii’iim' ov» r it> raime <»l ra' 
lauidil Ions, am! t“Jt neiiKaist rat ion tliat tlie eni^une ha> a level ot op»*rath>nai maturitv. tree 
laihires to tlie de^^ree ma essarv lor sa1i*ty wlien nistalie<l in ifu* ()l\ >lau*‘- N\ hen these 
are aehieved the eiqpne i"" rtadv lor lli^ht. where serviee lilt* ean Ik* dettr*nnu'd h\ loiiti.ui 
Use with treqiu nt impei lions until a eaosr tor removal Iroin the vt hieb- is (mind .\s ill 
eaiises .ir*- tinie< led. st-rvue hie will ^r»>w. the rate ol growth di pt ndiiui im-sMv on the rati 
aeeiniiulat iim llmht exjierienee. until the tar;:tt ot IPU tinn.’-' ami > hr ol Derivative* ll.A ► 
IIH eii-ines. and loO lirnurs and lO hr lor t'ate^orv I\' and Ailvamaai Kspamler ciuqtie* 
aehieved. W ith (urtlier experieiiee, these targets slimild lie jiassed in a loniinunu: ^'rowlh 
xerv iee lile rime Hetween Ketnrhishnu nt i 1 DID 
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ImplLTuenhn}: Uii> jtpf»rf»arh to (lijrhl terlifitation ol h»nu life reusahlt* hardwnrf* in 

(hf estafilisfinirnl n| Puir ^oals: 

1. All \ trilli at ion Spta i(n aU"ns iDX'S'n) musi haw Imm'O ^af kI.u l«>nl\ 

('t)ni[>Iett*ii to the ap|)!u ahje lertilit at ion lt*\(*l (eitlier l*K(' <»r 

2. A le\el of na!nrit\ nuisl he (h iTiun->t rated in tht* entitle develnpm<an 
prourarn tfiat pr- Vide^- sat» tv |nr the intended piTind ot operaiii*n hetuta ii 
inspei I inji''- 

'I. ('otnfiletinn nt retjuired fle>iun review" amt ( « ‘nl iL'nrat i< in in^pc« t i« -n^ 

4. I)emi>nst rat ion o| enmne servne and "uh^ecpient itarrlMwn and har<lware 
inspeitioiis (l*K(* iind 

7.1.2 Design Verification and Design Verification Control 

For the engine developnif^nt jiroj^rains considerf tj in this slndv. the key to the prot ess is 
the l)VS. These spti il nations identity the tle^ij^tn recpiirtMiM'iils to lie veritieti and the method 
of verituation ot lh<*se refpnrements tor «‘a< h rtanponeiU nut prtA iotislv (pialitied for flight 
opf^ratimi. 

I he I)\S lorni" the tonruiati<»n for llu' ITo^riim I fevt lopment Plans. During tin* engine 
devehfjntient. failure nn>de> are ideiititied and ehminate<i at the lowest nr.-rtieal level. Del.nl 
pa.ts, s;ilM»;.f*mhlie". and minor tomponent^ are suliieeted to ovt r>iress ti>tm^ and tested to 
failure earlv m tfa- pro;^ram. Initial eomponriil test emphasis is t(t vt rity <a»mp*>neiits f<»r 
engine testing: and t.« venfv [u rti irmanee p.iramet. rs at tin* compota n1 levri. (’ompiaienl ti^l 
einpit.isis tin’ll "hiM" (jua kl\ a^ prai tieal to Ir^ts desii^mal It) identify lailure miult^s. I'fie 
entwine te^t," are plamieil "<* tfiat all HVS te"t t»h|tM live" are ( laiMtiertii tai eaeli lest. I >in^ this 
inftirmaf i*»n as a f».ise, an ein;me<‘rniiz estimate ot tfie total mimlu’r of tests and the retpiired 
supportin;: hardware was m.tdr |or 1 )\ S (estme. 'The eslnnati s relleet the le::rt‘e *4' <ldheu!t v 
and the ainoiml of din ilh, related ext)en*‘ma’ a[)pli(al to ifiai tiese.m Seeiion 7.:t tovers tins 
siilpei t and slatws the re'tili.s oljia* .ed tt>r the ()I\ engine d(*\ i’lupmeni !hrou;^li l'T('. 

7.1.3 Verification Method 

"I he I )\’S \ t I it u ai ion met ho(i ident it nal in t la- I >\ S > im eai li d< n t t juttement - pe» 1 1 )( s 
verifh atlon aia ernpie hmem at five leveU. 'These aia*: anaivsis. harduare- m-perfion. lal)oratot\ 
or f»eiu'h tests, suh--, .ii tns hoi i *■<. tests, and enrme s\ ^arin hot lue lest- The I>\*S\ IumIut 
s|H’*ify all te^fs at all jevi'N that ar<‘ evtjni.Ued to 1m* requirt’d tor \ en ! .» .it ii >n of the de^-r ;m 
riHpiiremeflfs 1 Ti N-lie.:: leVeU reteired !■> ao- detail p.ol. *>0 hi < ar: I '■ 'tH !'■} . (ompiiiuor 
snh'.vsfem. and i n Mn*- 
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7a ENGINE DEVELOPMENT PROGRAMS 
7^.1 Summary 

Preliminary program plans had been formulated for the complete engine development 
program through final flight certification (FFC) fur FLIO engines Derivative IIA, Derivative 
IIH and Category IV in the earlier study. A plan based upon these was developed for the 
Derivative lIC and Advanced Kxpander ('ycle Kngines. Program planning was based on 
previous KLlO engine development program data and experience. 

I he iinitpie leaTure the Derivative IlA and IIH engine prngrarii plans the Design 
Verilicniion .Sjteciticat n«n (DVSl approach to comp^.nent ami t ngme develi^pmetu. Ten 
preliminary DVS’s. which define the design re^uiremenis and method ot venficatum ot the<e 
retpiirements. were pri^parcii for the Dt* ■iv’aTi\e IIA engine development program>. Nine ol the 
l)\Ss apply to the Derivative IIH t ngine development priigram hetaiisr j|u* l>eri\ati\f MB 
engine design is like the Derivative IIA engine desi^pi. with the exception that l he Ili^ inc< rptirates 
the Hl.lttA-.'l engine [larls list tnrhornachinerv and f>rot)eIlanr inlet shutolt vaKes These 
prelmiinarv DV'S's torin the foundation of the engine developnient programs, |*;a< h I)\ S detmes 
the detailed hardware and lest re(imrernents necessary to ventv a single design. There are sofpe 
“to he-determined” ( THDt refpiiremenis in I he D\'SN which retpiire intormatmn from ('KI 
Specifications. 

A limited distrduition of these Design Ventii ahon Specifications (gem*rated under (\int ract 
NASS'2^'dSi^l was imule including c<»pies to; 

Defense D \umentati<*n Center Mead(|uarters 
'TISIA 

( anierori Station. Huihling 

otHO Duke Street, 

Alexandria. \ irginia TJ U 1 

and 

.VASA Scientilic and 'I'echniial ln(nrmatit)n Facdit\. 

P. (>. Box 

(’ollege Park. Marvland *Jd7|0 

I he |>rogram filanning effort lor the Derivative IK*. Catt'gory l\' and Ad\anced Kxpander 
(’ycle engines di<i not include t4)rraulc tion of DVS's. However, definitions ot the anticipateii 
I)\'S test reipnremeiits to acioinplish these r*ngines’ development program olijectivcs are 
provided. 

7.2.2 Derivative IIA Engine 

I he liaseline I teiivative HA t-ngine design is a h.inu Hl.lnA s- \ nutditu fj in he^i v.ui'-tv t hi* 
(M\ operatnu: re<joir. inents h\ iiu«»rfM>Ml mg i nnrept > t h;il h.ot .ilre.idv Im i n deinnij-i rai t d 
i lie Dirivafivi II. \ engim* 4'on>isis of ati Id.HhA .t engiin‘ with; 

I Heconloured. fugh exfiaiision ratio. iwt> povitmn iio/^Ie 
Keoptimr/ed injector 
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•I. 'lank head idlr m«Kii- rapahiliiy 
4. *''/a*u\' NFSH opt*ralinn t*apid>i!it\ 


r>. Ixm Ihriist mpalMlilv (cJflinfd a^ lh»- fowrsr <»p<‘rati4*n U 1 

arhievakli' wiihnul st^niifiranl imparU) and hi'nnn flrsi^n.Krd 

maneuvmn*: thrtis* 


d. Autn^<*n(>ii> pr(>snri/;!h<*n (apaf)ihu iliirl arn! oxid./m 

Thi- t<aal dt'\ i lopnn r.l pm>:ram i\»r ihr hastdini' DrnvMwk- ||A < ii^uu* will rf*qu • 

alxait i’y\ monilis ul I ahrii .mon. and tcvt i llort. * fjnrt wiM rmoinpass thrcr dr^nn. 

Iniilii. <V(les (O KKr (Imtial. FK<’ aid VVC innfii:iiratinriNi 7 1 df-fiuls liu* 

dt'V« Inpmtnt sihrdulf. proenmit: th<* major program nah^sti.iu-. .md kt \ p(«mt< as 

we ll ;,.s the total I n;:inr d. v .pinriit pro^^rani I Ik' disi^wi and kdiruaiam lu-dulf^ for this 
I>ro^rani an* shown in l i^nro 7 and thr total prn^ram list plan is >hown m Kipirr 7 .7 


I ho drsi^^n ,md lalincataai s< hrdnl<‘s aro planm*d h»r rarK rrl^'a-r i.f U-afl imn* 

mat or la I pro^ uronu'nt as w oil *is vrnu<*nf lal ro.oa'-o'. i it drauin^^s i ti ^upp, ,n r la - fain u an< pr< m t'.s 
and (M*rmit rm-rtini: tho oarlv hardwan* doh\»-r\ >ohodu!rx. ( hr mai^r d 4 "^jt:n « l?..rr will hr filan d 
in» tho liosi^n ol i hi» “'all nrw' |,,r ific l)rn\anu* llA m-mr uhuh na ludr a 

rri'nntourod thrust . hamhrr. rximdihU* iiM/dr .M.ndihlr nnv-h frandaimi: m*rhan..o, ,md 
o«Milant lord s\ sN'mis. ovidi/rr low -prrd nulm . r and driw' >\ .trm_ ( ,U\ hr.n , li ni-rr. turhmr 
hvpa^s valv(*s. lank prr-sun/uu; vaiw*s. and ^a^oti^ oudi/rr vaUc I hr rr nainiiu: clr-.tLUi rtl.-r! 
is pl:i('(‘d t»n modil icat ion ot rxist m*: H L « < 7\ ‘I d l ompi inr ni ^ t < > uu « a p< »ra f r I lrn \ a* i \ r 11 \ r luu m- 
poouliar o|MTannt: Iraruros i'hrvt. t urn nom-nt ^ uirhidr lia ! pii!rf» and turlunr. oyidi/rr |)map. 
proprllant mint sluitotl vaUr**. o\uli/rr Mow lontrol \.d\r auk pr* - ’viin/mi: aiai 4 n::mr 


pumpiiiir and ini'*! nllanoo; hardwatn 
sporilu iiasrlinr harduari ronhiJitraMon^ 
st udy undor < 'oip r,»( r N ASs it w.» 

tho rtii:m(‘ (oidri>l and optraiional mj 
hardvvarn is i,,.i m t » s^arv. 


KmphasiH is p7u rd on t ihra alion and »rstin_; i.t j »,,, 
as opposi'd to w 1 * k h a "r ( < <; i ! , 1 1 ra I a m s In tin* p: r \ a n 
' <‘st a h h sf a (i i h, d an i nn 1 1 \ • i ■ >n t rol s \ - 1 r m will sa i o | \ 

• nronirnls. a*ut Marrlofr, hiiadhoard *ontro! -\s‘i!n 


Major lompoiu ril tasting will ha initialad with ri- tads ot a ti*ri h u;nitar lor tho 
I)ori\ativa II \ an::iiia to hattar flahna ii:mlit.n oparatiri;' liriiits ot tho ai'iiiponmT a! 
oporation .md propi Maul uaidtlions d’his trsnjir ^ p!ai;nad to hi aroni)di>had on HP 1ts| 
stand. I has*, ilalatlad tost ra(|mramonts aro dalmaatod rn I )\ S S Tf ; t )j lu r rniti4’r < .anponaot 
tos.ma in .iddilion to iha n^i tasting o! iha t«»rt h i;^iMtar tin iuda^- nas^ f :’rhomai hiiu rv liaarini, 
riu tosis oil H*Id fosf stand ami rit^ lt*stiin: ot ilu* Inal pmnf> ami tmtiino. o\ah/or puin[> and 
^‘oar driva. and oxnlt/or low >paad imimi-r o- H 1 and H IT li st stand-, i hasr dai.nlrrl t(-sf 
roquirornonls an* drlma.itad m 1) S S I K I 


('ontro) dam t <a!*ponant tr-t m;- tin- otlu r maior « oinp-«;a ut ,i r hr I >rr w .n r If \ 

oiu:im*. i- dirai frd r. -w ard a-» ahliMmiajd ot an mfa^rrafad \at-, r ar.d i < .nt :•'! s\ m- ..ipahir.a 
( »*ntrf*IliM : th.- * f> •>. .. t;\aiv in ih * tank f-rad a iU. mam u\ i r i ■ M rn-i a*-- i t i * -a • • 

modes , fha I m.-! - -nan in tha tank haad ul!* n da rm 7i Ir- ro ..vnii/rr 1 1- ' * > a 
aontrol. a? d furlum- hvp.Ws \alva I ha i ojifr.*! astriu ii -fm/ wdl i - od pninaafv .-t hr h 

<a}ihrali<»n- t.. damt aisi r.n ,■ ati'iraa\. ro|M*atahi’ .m-j 'iin- .a Ou- i-.nip.M, 

I'um lional and mla-ralad -vsti-m- lavimr udl aho In* (^nr.plri. d t > ■ a -a r s.,! is'.u r ,, t \ ,.pr- u , *i 
dnniu: rho annm.' tas? pro^'ram and dunni^ t m,am- r\ i< r Mh- 1 !'r d- he rd ir-t ft *!'i!tr-u. i,t- ua 
tha (oMfro! s^^(^ ^l aon.ponrnts aia dahtiaatfd tn I >\ S s | | j - \,|dd ■;> d , -m m? 


* a-f tiiii will if u h ida 1 1 a* m iat t * »r. ro* - j »t ! in i/ad I- r a m i v i u ra ra’a 
n'*//lo itul ralatad hard*.", ara 1 1 tV > > ( K h'. pin it' hi ml: ami m-( . 
am! a (A )\ heat * \. 1 : uua a < I »\'S S'l IT 7 1 . \ < rd t< a* a at '* - i ]\ 
l.»h '^atof\ ‘adm:: t" \arif\ a- ttiau\ *-t tha aorr.iuaiam d< -'-n 
hamii in-tai!rd 'in ui i iKim*' .is'-ainhi\ ,ro 


I «>! a o I I I VS > I I *>.. , xt, , 

■I ! u I* a hai da*. . • o i f t\ I d i 

d s f a j t ! ! , it r ! \ I . M ■ i s r s ' a h . • j 7 > ■ r 

n *j (,T*a>i. lit- is 



Months from Go-Ahead 
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Because engine tests nre si^inirieaiU e<>sl items in lli»‘ development (v{ roikel (*n;:ims. 
ctmi|)onent testing: will he used t<i eliinin.Ue those laihire in<»des that ran he resolved at a lower 
hardware assemhlv le\el. lhu^ reduein^ total engine testing:. Ki\^uu‘ dt‘^i;:r\ and 

verilieation recjuirements are delineated in U\ S-S'I'Iv 

To accomplish a pro^Tam elficienew emphasis is jilaced on the following: 

• Identilieation t)f each retpnreauMit and its verilii ation 

• Verification of re<|uirements at the lowtsl hardwan* level practicable and as 
early in the pro*:ram as possible 

• Use of >verslressinji l«‘stin^’ to aicelerate tailorc* miKle delect ior^ at llu‘ 



suheompoiu vt 

component atui engine' le\c ls. 

'riie desi^^n verific atior» specification documents identify each new desij^n rccpiirerntmt 
and assumption and its verification. I'hcse documetits are preliminary and contain some 
recpiirements that are to he determined. Kach 1)VS dtuairnenl includes the desi^ii recpiire- 
ments lor the components c»r engine* llie lumdier c'f hardware components rectuired* the 
number and types of tests recpiired, and the verification method. Sectic»n 7.4 of this report. 
Desij^n Verification Specifications, descrihes l)\'S formulation. 

A listing of the* preliminary DVS d<»cunienls ^^eru‘ratc*d during the ('ontraci N.\S s._ls‘Kp 
stud\’ for the' new and mneiit lai component" arc lifted below: 

1. 

DVS-STIvI 

m 

(21 

CU 

Secpanc'i'd N’aKcs 
Fuel Inlet Shutolf \’ah<‘ (!'ISO\’) 
Oxidi/er InIcM Shutoff \'al\c' ) 

'rml>ine Bypass VaKc‘ ('l UVi 

0 

DVS-S'rK 2 
i\) 

V2) 

{‘M 

i\) 

Fressiiri* (hH tatc ci \’aK c s 

*r 4'ank Pressuri/ U ion \ alve lO rPX’l 
ank l‘n'"suri/at ion \’al\t‘ t 

'on! red Wdvi' UlO\ ) 

/.^•r Flow (Xnt rol tOKi ' > 

:h 

nVS-SI’K :t 

Flij:ht 1 ast mniental ioi> 

1. 

nvs-s'riv 1 
m 

(LM 

Fuc*l Pmnp ami 'I’mhitu' 

Oxidi/c-r Pump and Dri\c' S\>trin 
Oxifii/(‘r l.tw\ India or 

-■ 

M\’S s I'K :• 

4 lini'-l c'h.unhei .\s"omh!\ 

t; 

l)\’S S i K li 
( 1 1 

kixtindihlo No.vU 

I’Ati udihlt' \o//ir Pi an^lal m,: Mot liaiiAin 

t . 

liVS S l I* 7 

UtO\ lit'. It K\t h.in;*.of 

K, 

DVS STK 

1 on h l;:nitc r 

0. 

DVS s ri' ‘t 

(Mumhiuu and M i a ilKi Mo>ai ^ Ihudwart' 

H) 

DVS s ri*: 1(1 

1 Kncite 


iri7 


Pratt & Whitney Aircraft Group 

FR-13168 

Volume II esiiiblish the program requirements in terms of numbers of hardware 

%erifvTnK a sinele design without redesign and reverifieation iterations. From the preliminary 
romponeni and engine DVS design and verification requirements, about ten equivalent engine 
BelTrhlware ,4 engine builds (including rebuilds), and b.M) engine tests were deleriniiied 
necessary to acci.nqdish the baseline Derivative HA verification program objectives through 
Final Flight Certif cation. It was estimated that about 49 months would be necessary to 
accomplish the baseline Derivative IIA engine development DVS 
engine design, fabrication, assembly and test verilication requirements. The \ 

Program Schedule is shown in Figure 7-4 and the control task required to accomplish the 

.chedule i. .n T«W. " >■ H.'l.'iS" »"<■ rev.-, If, M.U 7'‘> “ 

a realistic estimate of the total development program requirements. Historical HLK dts gn, 
Llirttion test experience was used as the h.isis for establishing a total baseline 

Derivative IIA engine development effort. The WS eflor. was '‘ 7 ." he 

baseline effort to yield the allowance for redesign and verification, wliuh is about 10 , of he 
total development effort. This appears to he reasonable based upon the 
devel.tment program and the amount of directly related experience and is illustrated 

Figure 7-6. 

It was estimated that about SM> engine tests over a period of :U 

30 month design support, fabrication, and initial conqxment tests period, would >e i ■ . 

4cl^sh d’e total baseline Derivative HA engine d.welopmen, program ..bjec tives. Ih.ra ion o 
the overall development effort is estimated at (M months. 1 hese lol.il program ruiuiri uu . 
based on previous KLIO engine modification history and similar concept liistory^ DcM-lopment 4 
RLlO.A-:i-:t engine model re.piired about KKHl engine tests during a J l tnonth test period ami 
a ;t:)-month overall development program rhiration. 

Five mtive engines were selected for the engine development program based on the above 

,.r '"''7- 

about 90 engine builds, including rebuilds, are pro|c-ted lor the l)iri\ati\( II. 

4 lomLr rogram as compared w.tb ITf, (or the equivalent KUOA-d d developme- program. 

proj^rnms. 

Fabrication ami testing of the Derivative HA engine can be accmnplished m 
R1 10A- i-.3 fecilities. To aceonq.li'.n the engine test program, two vertical test stands. K- 0 and 
F 7 will be used lest Stand Ivf. is now used for acceptance testing of the operational 
HI ioA- 1-3 emunes being delivered to the NASA-l.eHt’ lor Centaur launch vehicles 
use m bis ,r;gram for testing Derivative H engines vv.tb. a primary m./le on y. - ■ « < 

IV'k extension Test stand K 7. now inactive, will be reaetivaud lor tank head idle thrust, 
maneuvering thrust, ami full thrust level testing of engines with a trum ated "‘’'’I'Y ' ' 

'iri land special test equipment that is plumed for inslalla.ion 

shown d, Figure 7-.i is required to provide an accurate simulation of predicted propellant 
conditions undir the /cm gravity conditions emoumered in space. 

The high an a ratio no//h- engine tc.sting tul! no-.de extens,..,, c an be m . omplislu d snn.e 
test facility oitu.r tlian IVvWA. siu lias the Arnold F.o.-meermg ami I '.m ..lo,m,ent ( ' ^ ^ 

ti'st stand I t I'or this dc-vel.-pim iit progiam. the Al lK .1 .^ l.-l si.uul is i onsu i 
baseline, and llie program development c.st- rcli.s l tbi- a|>pio.u b 

A summ.irv of the lest facilities estimateil lor the Derivative IIA engine d.\ t io)>im nt 
pro^riun is prt srnlod in <.•>. 

C.rouml Mipport equipment MlSFl dev.-lopm. ni tor llm b,,...|me Ilericativ. IIA . ngim- is 
de.scribi d in U.m .Mi Th.- C.SK rcpiiied t-r I'u I i-clim- lleriv.ilive HA de>ign. nMinlename 
and o,.erational modes was uh nlilud. A lisiio,- ol Hu m- .1. nis is cont.imed in I he t )pc rat loiui 
'nd Flight Support Plan. Volume 111. Far. J o. F.V W A Fm.d K. ,>ort FlMUUl. Deogn .Mudv of 

DwiAiiUM’s. 
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TABLE 7-1. CONTROL TASK DEFINITIONS 


Control 

Task 


2 


.1 


4 


5 


G 


7 


H 


9 


10 


It 


12 




Orfinitum 


fc>tabl.8h bv .-onclurt-n*. onr ««.erfiow t... on one biol mlrl ►(...toll v.,lvc iKISVl. o,..l„er sinitoir 
valve (OISVI and turbme hv|.«w valve CI MVl, ibal Ihe efieeiive area ol Ihe romi»»u nt I8 adeqnale lor 
proper operation in Ihe enirme Ilow avnilem Thia le.lina wil! lie aicomplished prior to eommimn* Ihe 
component to the fintl engine hoi fire te*>l 

EMflbliah bv conducting one Mhr«n.*n test (or h nunimum ol 1111 > nrmitr-* in each (hut I he comrM.nent 

will aualain without dHrimenlal ehecta, enume hImI u Imng em ironmeiit I his testing wth be lucmphshed 
prior to commitling the coin}Mnent to the first engine hot fire test 

Kutablish. bv conducting endurance cvcie tests .m one unit lor a mmnmn i ol THD |>er<ent of the cycles 
specified, that the mechanical elements ol the valve will tunction pr. jH-rlv when suluected to engine static 
firing testing. Th s testing will be accomplished prior to commui mg * oe comp«'neni tolhe lirst engine hot- 

fire lest. 

Ealabliah. bv romUulinp o„r l.inriional tcM on one KISV. «ii-» THV ihal Ihr , om,H.mMil will meel thr 

operational rec|uiremems nt the engine. This le»i.ng will lie momi|ilivheil prior u. .oinmiUing Ihe H. \ . 
OlSV and TVM to the first engine hot (ire test. 


Validate, bv means of correlati<ai to engine svstem test data. ra. h r.spurement hst.-d in t he Ib MoiremenlK 

Source Index whose soorre is other than the Inlerlm-e Control |).Hiimeiit lit l» ,>r t ..ntriiU Knd 
Sliecification such requirements validation shall be meompltslied prior to ( rilira. Design lieview (( DKi 

Those requirements that rammt lie validated hv . orrcliilion to engine svsiem lesi daia are exempted Irom 
this contml task. S,H-cilir requirements to he validatetl are ..sled m the Ke.p iremems .Sou ce Index. 

Hslnblish earlv deteeti.m of potential problem areas and ii.ad.spiae.es related to *''''‘'7'''' 
subjecting the comp .icnt or engine to all oversiress testing s,Hsil.e.l .1. lliis apj.liiah e l)\ S. with hi 
excention of that overstress testing |.lanned for accomplishm. nl ..1 the engine s'sicm l.'iet iin.ii r simiil.n 
al'ili.de coodilioos Such ov, rstr,-ss lesi.ng exclusive ol the noi.sl eve. plem. will '«• accomplishcsl jirmr to 

CDR. 

Eatahlish hy conducting one waterflow lest .... one oxidizer tank pr.ssur.zii.g valve lOTPV), fuel Unk 
pressurizing valve IhTI’VI. CO. valve tCOV) and ..xidizer flow conlrul (OK I that the effective area o 
{he comp.ment is ad.-quale for proper u| •rali..n in the eng.ne now system this tert.r.g w.l 
accomplished prior to committing the e..mp..ne..l to thr first .■ogme liot-fire test. 

Kslahlish. bv .•..•.ducting. me vihral.on l. st lor a mininuini ..I I HD mimii. s m each .iv.s, I hal I he . omiameiit 
will sustain with mt dcir.m. ntal . tt.-cls. engine static l.rmg e.iv ironmcii I h.s icsimg will lie a. com|.lished 
prior to coinmilt.ii,' the com|a.m-nl to the lirsi ei.giiie hoi tue test 

Kstal.lisi. hv ,0.1.1... img eod.irriii.e cv. le l. sls ..n one .11,11 lor a mmiimim o! I HD (icr. cni of ihc cv. I. s 
specified til.- mc. h.ic.cal elements ol il.c valve will l.ii.cli. o|« rlv wh. 1, suhn eted 10 engine s, ,uc 

firing li siing. I l.is testing will he ac,..m|.lishcd pru.r tocominn sg ,o,nj. nicnt 10 the lirsI . nginc hoi- 
fire test 

hUtablish hv .....ducting ...... fun.tio.,«l test on ..ne OTl*V. KITV. C.OV and OK(' that the c.mqa.nent 

will m.-el the operational requirements ..f ll..- engine. This testing will la* accomplished prior to 
commiting the com|>..mnt tii the first i-i'irmc hot lire test. 

KvtHhh-h. hs ou.lmtmg tuiuti‘*iml and |>erl-.nni*m e tcst> n;i flu* lurl pump. .Auh/cr huv-spr,-d indmer. 

Hiui pump, ih.il ll»c pumfum: prMt.rm.tn. « ol iIh- iu.m*t *t.n,p-n.nt> in ihc hiriM.fmmp 

Assemlils .uhapiali l.>r pr. .per np. rnf it»n rl>r < fujiiif Im i ,uoi ovfb/f r ll..u 1 In- t. -fini: wi n* 

MCM.mph-li. d prior in i nrumiit mi: tin lnrlt,.pmnp A^M-mh!v n* ihn tu-i i hl'm.- ‘ -i hr- l.-l 

hMuhh-h hv o-udm tmi: emhinimc cm Ic i. -l- on ihv tufl pun p ..xulw. r |.ks M - mdn. er, ,m<l in nn 
nxHit 7 .T pumpfnr immmumo! IMj) per. ent tl i lu i v . i. - -pct U k tl . th.H ilv nuthinit.it r.rimnf-nl i he 
i’urht.pmip A-emh'v im Imhuk: the tlriM fr.im u.t: pr..p. nv .vM ,, wuhic.li.l t| mum 

shit.c firm, le-tmi: I hi- fe-im, will be m , ..mplKhed pimr fh. I irUrnmp A-m mhiv mtl.i 








Kslabli>h. bv mmlrntm:* .* r imnimm nl "m- s.fi. a ,| m liM.l.i 
charnber osthmt ili-w i- .ntt (pLife ‘n pru*. nif siM d n in 


tl .miter t'.ne i -M { 1 ‘tvv (e-ls. ffiU 1 he 
1 1 . 1 !.! in : I .1 K".h, r 


\m 



by rnriHuttinv; h minimum <»( om* ul mn‘<Hir told llou ih.it th* mixfiin- r.ttm 

charartfn>itici» n^e adtHiunu^ to |>ro\ irb- lh«> rrmiin d mixing: c*Mo'iinrv <('* •»«. r . I Tins irximfc: vm!1 1h* 

flccumplished prior to c«imittmg ihr thrust ( hmnlaT asst mhlv to hot tiri* tc^ts. 

Kstabhsh bv t onduflinp a mminni", ot I'nc nt indi\ iHiott m-.'/le p.inrl ;um 1 rxtfndibir ..-.m itiUv 

roM Mow tf'U'^, that tht* rot .loot liow is .Mitnuialr to tht* rxlrmliblr nor/l.- | h:> tiMiru: will hv at i ompliO^rd 
prior to I'ornmitt inp t hi‘ I'Xit mubb* no/ 7 It* lo hoj lift- ti-vu 

h>trtblish t*nrl\ (irfia tion nt )»-it» nu.il pr<*b!tun art .i'. tind inadotjuat u h rrl ilttt to h.»rii\v;irf h\ 

sublet tsnp the s|H*i itu d c*xf endtlih n.r/rle t om|>**nt ri( s to n\t>rvt,, sv l♦•^tJ^p >|MTilmt in nil's 1)\ S. Siu h 
over'strt ''> lesfiup will bt* nu oni|)Ii>^he<) prior to tupirif h<*t tire tests, 

Kstabloh, bv a mmmium 0 } rrMDi te^iv nt Devij.n t’omt on iin oxxprn beat exi iMiipi r. that the ox\peii 
tem|»rr.iture ns»* and hMiropen femtH*rU:re drop are w ithui aniner.ipe value of • i IMlli ‘Hof noniuiai .md 
oxvpen and hvdropen pressure looses are withm * t'l lM >i |»sid nt the Km:me ( \t I- vhe, ts )n uldp ton, ttie 
oxypeti heat exchanger mu-l demonstrate stable *.peration. This t#«sMnp will be . 1 . . imiplished prior to 
romrm Imp the oxvpen heal nxidi/er to enpine te'iinp 

Kstablish. b\' n minimiini of t I HIM enpuie tests at t.inli head nlle, pumped idle and full lhru"l. that the 
ox>pen temtH-rature ris.-and Indr.-pen temperature drop ar»‘ wp Inn . (1 Hill fi<i| nominal and oxve* 1 .md 
hydropen pressure hwses are within r ri HO) pstd of ti e Knpme (‘vale Sheets over the ranpe ,1 e*ip;n.- 
operalmp (onditions, as in IHl) In addition, the ow^eii heal exehanper must iletnonst rai<‘ st.diie 
operatiiMi. 

Ksfablish. l)v a mint mu m of t w« . 10 •.jm' lest s at Pi •^ipn Point on a t< *reh ip infer that t he hot p.i'. t eni (vera* lire 
is w It hm an av’erape \ alue «it 1 < I HI )• *>| tioinm.d .md < ool.uO I low riipureitiMit •> are w iT hm r 1 IHl It lb "ee 
of the h.npine ( vi te Sheets. 1 hi^ testinp wdl be ae«oinfdished prior to eoeimiit mp tlie lorv h ipniter to 
enpme le a inp. 

K.s!iiblish, hv « iindm fine in^fieetioiw i*t Mind Ime' ti'-o.: m r.ildes I. M and III oj I )VS S IK 0> thm e.n h 
line Is in inmplianie vvitfi all oT tiu* reipiirement" ilefmed h\ tin- apptuable drawmps and priHi>s 
s|H'edu at iofis , | he-'i- in"pett ion> will be ai i < anp] prior to 1 oin rniU 1 np an\ line to the | irst enpme hot 

fire te^r. 

Kslaldi-h. bv (h-nnaisi r;U inp the "at I'-taetorv eomphf wa; o| the proof pn >vnre te'-iN, .,s •^penlieil for the line 
(as listed in Tables |, li. aini Ml ol |)VS S 1 K 'o. that tiie-e lines are siruelur.dK neepiable Tins list nip 
will Ik* iuaomplishet; pri<.r ft* eommittinp am line to tiie lirst enpuie hot tir.- test, 

Kstabiish. bv (ondul Imp insjH., t-- os nt plmnbmp bra« kei s an I stat u seats 1 ti.o e,n h part iot»l.»rms to the 

appinahl,. tlrawim: reipun inenis .,nd process ^p,t Oieate t,. | h. se mspe, w,|: lu- aetomphshed f^rmr 

to riiTSimifltiip a part to the first sl.itie etipuie Iml liretost, 

Ksflblish. bv totidtiefinp inu vibration lest for a numnmin of ( THI)> nun.pe m e,n li axis, that Mn* m.tior 
fill'd lines Ti HI M will sustain without deintijeni.d etl. * ts. the 1 npim stat a I nnp . rn ifomnent This 1, uip 
wil! be .H eotnphsfn-d prior to eomntiitmp tl e hm to tfti first enpme hot lir« test 

T.stablisfv I luouph the i ombh t o| 1 o hot fire ' es ^ , ,,i one 1 ripme s\ stein < i n iin .u <d n- ’ h> ext ens;. n t T tvir 
tin* eupiiie Is <a)Mhh* ot sate s’art and s|ai!ilovin > per.Oton .it T.mT lb ,el I t!« ! I Hli M-inenver I !'ri;st 
tM I I <md at M.ii’isr ape <M>i b. tvi. - n tmxfme i.Ur-s.^i *. and 1. d This n s' op w j; t>, .m on,|Ms*.. d rM«r 

to ^■omn;llll^p the i n, un* to u sin ,■ wirp fed no/.'i< t xiension 


Kstaoh'-i. throopli t ne eomio -i o| .'11 |i,a to - feu. , , ne 

♦ xoisjoii! Inal I he I npini’ ts I apahh of-.;. s'.,ri iiiioMpt' 
n*p d of tnaoi't tpe . [ .-rai.on or. r the ihrm’ - tf ,n> II 
Hon a ; o I .tf Ms I t V I 1 , ai IX* ur« rj’ o I u .a M I | , \ , , 

‘'.111 opt r ttn Tl a Utl ,t lo!i m-z/h- e\l* H'OII at M I I O t M - I 
m i "inpiished prior In tTa- r* ‘east ..f I.mi;.* lead '1 r tu • • : 


t s\ stems t ?r n;, : , ; • . 

!»,•« > ■■ < Mpioe nde» 'odit ■ 

' \1 > I i V « j .t!.i| IP lyp ur* ; • 

ra*i.. i u at i H( l.ov, | b; J 

>'* . ■ ■ U.o't ,d I I,,, 1, ,, 


Kst.i'd sfn Ihroiief, if,,, eondn. 1 oj f,.,i p, 

epprne is e;i|M!ri. of Till, S\ | and .n. 
I be lull ranpe o| mb 1 « orubl i.ais | Ms r, vi i 
tbpT' * *10110 
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restilfitnt [>rn^»ranimatit rlleit a slmrtc'r cievelnpnient pni^ram Htirafinn tnnntlisl tint 
features 1(K) It-ss en^rine testN and three le^s e(|ui\ alent eii^:ine st'is ol liarduare t hmuj:h KF(\ The 
Derivative III'l engine <(»n<iNls f)l a HIdoA ■! .'{ en^»n'. with: 

1. ’^eeontnurecl, hi^h-expansinn-raiio. twf» poNjti(>n no/./le 

2. Re<>pliniized injecior 

2. Tank head idh* m(»de nip ahihtv 

4 Pumpefl idle mode eapahilit v (J.'a, lull tlim"t. Iv rein de>i;:na!rtl maneio 
verin^ t fini>t I 

\ufojrenous pre>suri7at i<»n I fur! and o\idi/er). 

The development program for the ha^eliiu* Derivalivt^ lilt en;:inc wjll rr<pnrr about '>9 
months of l.iliru at mn. aiul test t*llort. This ellort will em ompass three de>i;.;n, huiM, 

test ryeles tt» FKC (Initial, PF(' and FF(' eonfi^ur.U ions) Fi^^urt* 7*7 depicts the dtweloprnent 
schedule presenting the major pro*^ram milestones and k( y deeiston points a> well as the total 
engine deveh junent program. The desij^n and lahrication sc 'edules lor this program are shown 
in Fi^(ure 7-W. ami tlu‘ pro^^rain lest phiii is shown in Fij»ure 7 1). 

'Hie desi«:n and lahriialifm and test ellort will he tarihal mit in ilie '•ame tmmm r iv 
described for the baseline Derivative II erij:ihe. iinder Staiion M. Snbveelion 2 \ . i*\( ept flie 
turboimu fiinerv and bt^arm^' desij:n. build and \ erilii at ion t(“*t iiij;. and t he prop, llant inlrt \ al\ e 
design, build and verifical it»n lestini: is not retpiired simr these l•ompo^(aU'^ .ire the ^ame 
component c onfiu irat inn a> those already <piabtied and used in il.e operai lon.d KLinA ?■ i en::im* 
used in the ('entaur vehic le launch pro;»ram. 

Prelim nary DV'S do( iimenls t^em^ratf'd durine the previoiN studv for the luvv and 
modifier] UlJUA-d*:i components, whi, h retpiire tli sien verilit ation lor the baseline Derivalivt* 

IlH en^jlne are essf iitially tlu‘ sam<‘ as lliosc refpiired lor llie Derivative IIA eiijitne (rrler to 
Talile 7-2) with the (ollowin^ exceptions: 

F I he D\ S SlI'.-l refiuirf'loi'nts tor ‘‘e(jijeni ed valvi*'* in the i a^e o| the 
I >eriv .it lv(' Illi (aij^ine ilevelo))menl are appluahle to the lurhim lUpa*^^ 

\ alve only sime tl.e luel .uid oxidi/er nilet sluiiolt v.tUe'. are the Nanie 
cnnfi^nratitai as the (ptalilied Id jn\ ha f*nj:im‘ valvf- 

2. I he D\ S Si K | re(|uiremenls lor I lu oxah/er pinnp and drive ^ \ stein atw* 
the oxidl/er lo\\ speef] inducer are deleted entin lv ha the ri .i-^e., a< 

^iv en li >r D\ S S I I-, 1 ah<»\ e. i e . t lit i per i! n acd HI h\ i t n::ine p it t 
lists I m 1>- .ni.u hunerv i- n-etl “a- m thi Denv at iv e IlH enj nt th ^iL;n 

d*lie D\’S\ ‘ ,vil:!i-li the of..;:ram retpiirement^ in tertos nt nnrnliei , ,.| hard^^are am! 
tests lor to'.’ nt: 1 \( h estucaieo tor venhtalion ol tlit* comp 'iunl jod * di‘*-iL:n ar |*K' 
and FFt * d C *e'|Mtr' jiient" -pecitied m Ilu se doeim I tits are li lted i-n ’'H\ii a "iM-Je <!• * i 

with m» rt d*. 'i::i itt ralioov, Frorn the ftn liinm.irv l orpjmnen! owl ef^-me I i\ S dr : o .>-i ■ 

verilicat ji >n l onirer:'! oIn. ahmit nint' tapiivalent etrone ,»i i. irdw oe «: eiupiw hiu 

(inclndon: ndwoUl't owl d(>o en;^im‘ were d, lenniiud ti‘ he rasi-^.ov i»> ■* o uopli^li tip 

hasehne I >cn v at is t IlH v , r ' t a at ion pr< •erani (»hie, lists i Ijrote h I- oi il f'h !0 i 7 ri if a ai w I fp 
overall baseline DtrivafiVf 1 1 H t ompnnent eni.mt* di v , i p: a nt eH rt ^ t VoMted o ■ *ia 
same appr< sn h as P .r the I )»o iv .P i \ ♦- IIA I Ik esi orate I <0 i » < 1 r i ,r, ; , \ e 1 1 * *• ,st i on i , P ■ 

4<‘ . t’( llie tolal dt\eh‘pmttP etiort. I he .ippl'oarh and feoilm .Oe *h..'.n ot ft:;ore V ■] ' '• h 

as est ! 1 r P f d » 1 1 it a 1 n ‘ il J n w •! it Iw \s t um I I m nei e>s,o v I o w , on . pi d i i lie h o t i ' rie I ), r n. t * . ' 

Illi eiuane li, r i -pm' \t D\ds pr.'.aam < onip-owiP owl , i ,;oie d» :;;n. tahp. ■! i.ei. a m n : i 
and lest \,rUaal)Mn rMjooa-ow t a • 
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Srqueruc' Valvp'* 


nvs srr So iia 


i'andidcu* Fninnr 

DVl' Ft {;utrrni* nt 


Kiirl Jn)ei Shutnif Vnlvi* 

(Uvl i/i*r (tilei Shuf*>M 

lurhme Hvpd’*'* \ ti!\r 
OiM'rafed V n!\e^ 

Oir<Ji7er l ank l*ri s*uri/iiti«in \ «Ki* 

Turl i tink Prr^’»urj78f n*M VpUr 
Klovfc Conrrnl 
( Klt*w ( unf tmI 

Kli*:hi ln'rrumrnljh«»n 

Kue! ISjmp rttul '{'urhinf 

(Unit/rr l‘L»nip .iiu! I.SI l)rtv** 
0«idt/rr J>ii% liMluit-r 

I'hfiisf t'ihfmb»‘r A*M‘mlil\ 

KxleiKldiU' N'*7/I ■■ 

h.xi I M«< 

< r( )\ M* If K»i haiikfi r 
I *>r- h (>:ri ft r 

I'lurnhiti^: ,tM»j Mi-i H.ir({<>K Mrr 


Estimated 
Simlliar RL10 
Engine Mociificatior^ 
History 

Similiar Conci';n 
History 


DVS 

Verification 


Redesign and 
Reverificntion 


Costs in Millions of 19/0 Dollars aiuJ Excliicjt* Fi*t; Rut InciLKir* Pronel!*}! 


Fi^urt /-Ji) n.ni’Hnr ll/i i'.n: nt. /Vr . nr^n /-^r. 
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It was estimated that ah<»ut 7,SO engine tests over a peri^Kl of dj motttliN. t mnhiiu d witl 
2f-monTh desipn supp<^rt. tahriouioiv and initial romponent trvt period, would be ru(t‘--arv 
meoniplish the U^tal liaseline Denxative IlH eii;:ine tt»ta! »te\ elo[)nu‘nt program obueiiv 
Dtiration of the overall development eftort is eMnmited at montfis Tht^v tma! pro^rj 
reijuirement.s are baNed on pre\tou> HldO en^^ine moditn at »i*n hi>tor\ and similar 
history, and eurrent malerial i^'ad tm.e Pevelopmvnl of the KLlbA-''. :t eni:me m-Klel n.pm 
alaait lOOt) engine te.sts during? the 2^ month test |HTiod and a ebnumtli o\eralI de\e|. p-m 
pn sprain duration 


hive active enydnes were selected tor the Deriv ative IIH t-nmne developnu'oi pro-ram has 
on the above considerationr and iMrucula- charm ienstics >1 ila expander irbme powt r vac 
A total ot about 80 eti^mes. incindii^i: renmids. wi!. be used to- tfu> I>eri\a?i\e IIH erii:n.e to* 
deveh'pment pro^Tam as compared w it h ITolor t he t ijuivaiem M.!i» A dev elopment pr .-r t 
Aliout equivalent engine sets of hardware av planned to aii>port iht‘ as-embU and t 
pro^rarriS. 


habricaiion and testinp of the IVnvative IIH em:int- will W accomplidied in tht t xiMi 
RMO.A-.b.t tacilities. loaccfvrnpbsh tf.e etij:me test pn>^:rarn. twt» \eriica) test viand", I' b a' 
K-.. will be used- 1Vst stauxl K tlis now umhI lor ma epiance levt of t be optuai lonal lH.bV\ t 
en^un.ev bein^^ delivered to the NASA I elU^ lor ('entaur and will be u-^ed in ibis firo-rain t 
tesqin^ Derivative IIH en^:me with a t^nmarv no7?le. i e . without a no//le extension, 'I evt vtai 
K-«. now inactive, will be reactivated for the lank head idle thrust, pun. ped 'die thruvi, and li 
thrust level enfzine testing: of en^iius w;th a truncatt d tio/zU- exteiiviMn. d'he maior stand "peci 
test ciruipment that is planned for invtai’.alion m F T test ^taml. pn-viousU "hown in Ki-ore 1. 
is rt (pi. lod to pfttviiic an accurate simulation pudn it-d pri-pollant coiuluion" undi r ik.e .-e 
gravity conditions cnct'iinterrd in ^juce. 

the lVn\.«t've IIH en^m, use.- the HI.loA :< :i en»;ine part- H-t turlnan.u hau•r^ 
o.n,p>-nent test l.ualitv a.ul test hviu hes Hi. HIT, an.I H 1!. r, t.vat.on .ui,i ,.r m,.d,Ia,uu. 
IS m.| required. .Ml other lacilitits listed m .Suhseetion 7..^ are required lor the Deris.iliee 11! 
en-me deveio|)meiil pru-ram. A sumtnar. ot the t.-.t l.ieilii i.-s e-timaled to.- the Deroaioe III 
en^iiu* diw eh tpinent pro-ram is prt’Muitial in St‘iih>n 7. a, 

1 he hidi area-r.nio m»//Ie en-u-e u -tm- can In- aoomp’ivh.'d in tin \rn. ]d Fn. uu'cnr 

and Developinent ( i-ni er i .AKD( Mcvt '‘t.ind -I ^ it m-i W'-arv to make m 'ditti .it mn^. ». i * 

stands To make them i^H'rational tor tiw ttwrin-, Kct this dev. henm-nt pro-ratn tiu- Ah' 

test vt.ind iv considered tla- fmsebne. ond ilie pro-r.un (level. nt rmleci tlu" .m; 


(Irt.und suppiTl equipment (DSF* develoiuneiU lor the ba-t-line Doriv.uive IIH cr 
destrilHAi in Seetion 7 »'c 'I’he DSF required l.-r Tfu liasobi.e Dcriv.mve Ili^ di -i^r. 
Itmanct and oper. umna! modes wav evial Iwhed A liviui- oi Hu-e iieiuv f,ir liie Driiv it 
tm-me. which are ideiincal with ihe Derivator II \ en.qtiu*. :s ivi;'., 

Fli^dil SuppoM HI. in. \olunu* III. I'an 7 ot ilu ptivi.-.is suuiv 
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7.2.4 Derivative IlC Engine 

1 hr ihirii raralidatr l>.i>rlmr is ihr Kl.in |>t rivaJixr IU\ v\*urh is a n^Hlituation 

t»l thr i>asic ra^inr l>v iht* aiKiidun ul a hit h arra rala^ l\At poMtion no//lo ami a 

rt^ v'lUuuroti f)nmarv na/zlr lo prit\uic im rea^rii ju rN*nnaiur for an « ii:iv t»perauon,il i.)T\\ 

Ihr (irvrli*pi ;rnt pr<*i;r:im t«‘r liu' hasrlim' lari\ali\r lU' Hr>i^*n i'on>ist> of 

ini'nllis »«t (IrM^’U. l.ihriratinM an<i tr>t t lirrt i fn> t \\\\l rrurvnpa’^> onr (ir>i^n luiiUi ti'sl 

r\ V Ir lo KK'. i r,. (Uilv tiu* Final 1 ('<ml ';:m au*»n will hr iir\rU prti. I hr 

srhrtii.lr >howuv’ ihr ma)>»r program Muli-stonr>. kr\ tiru^i.'M p» vitui tfir i.^ial rn»:mr 

litw rlofurrni program iv v»u-wn m Fi^urr 7 11 Tlir I a^t Imr Mrn\.»', j\r Hi' plar^ in sliown 
in } tiiiirr 7 

Ma »nr rom p^ 'Prnt I r^t im: w ill hr iMdiaird u a h M r , n pf r>-vi;i t.-.r - ^ n \ i \ r t -"l m:: l> rli ‘U rH i»\' 
ton h i^nitrr ti Ntim: 

Kn;4Ml<‘ tr^tim: will i>r arron'.ph^hrH in llu v,nvt' T!i.mi,*r ar^rnhrd in \\u h.i^rlmr 
nrri\ati\r IIA rn;:iiu’ pru^rritn i\t \t !»‘p!n iii ami \vr! h, . ni 'I n; nt! a'n ? ^i.ni ol •ir\* 7>pmrni, 

A |)rrliminar\ tislini: »•! tia' \'<ti! ira: ra* Sprritii anon rrtm:** »1 loi liir 

<h'-u:n \rrilua!ion o\ \\w nru ami imsiitn-<i Ixl.H’A ' ‘ rt'rnpt>r'.rn ^ m ihr l\riv..m\r Ih' 

t“n.:nu' is hi'low: 

1. IVrssnrr (^prraJnl \ al\tv 

• Far! I'ank l'ir^>un.‘ai ion \iiKr 

• ( Ki(ii/rr Fi<‘\\ < \\u\ i>'l 

‘J, Fliiiht In-t mmrnt ai h'n 

riirtiv: ( 'hamhrr A'-st n'.hlv 
1. Kxlrmiihh' N.r'/Ir 

.‘v IMirnhin;: ami M < !iam » ii-s Ilar(l\\.ai 
»r Dt‘n\ at nr 1|(' l-auMiu- 
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Hi-^lorirnl HI, 10 labricaiion ami lost t-xperirme Inrim'H the t.a-iv lot cMiitKiim- ilu- 

ciuralirm nl the overall Imseline Derivative lU' development and the tmn.her ol en;;me I. M-- 
re., Hired. It was estimated that ahout 185 enpne tests over a period oM- months. eomlniie<l ui h 
n :ll -month desip, and falmeation period, will he neeessarv to aecomphsh t he haselme ' ‘ 

lie enitine development propam ohjectives. Duration ol the overall (hneopimn < 
at 37 monlhs. 

S,,eeial test cpnipment. test stand reaetivation. and m.Klitieations •.eminplish the 
haseline Derivative IlC enttine propam repuirements are min i, h ss than l la.- ' ‘ ' ''j 
haseline Cntepirv IlH enpne propnms. since the onlv major dillerenee Iron, tl e hasie KI.H A 5 ■ 
engine is the addition ol the twn-positioi, no//le. The charaetenstn s o| this no// e 
eneine testint; with the nozzle installed he accomplished in a lest laciiilv such as the s an. , 

•AKDC. 

('.round support equipment requirements will consider m.alificalK.ns to existini: ('.SK 
desiipis. New r.SK will he provided as necessary and deveh.ped concurrently with enm.ie 
development. 'I'he (iSK development is described in -Section 7.6. 

The estimated propellant and ancillary Huid requirements lor the ha eline Derivative IK 
ent-'ii.e total propam ipiantity requirements are estimated io he: 

LH, 1.2(KI.0(I0 Ih 

DO, .5.200.(MH1 n, 

LN, 2.3(K).(HKI tb 

(',N, 49,(KK).(KK) set' 

OH -tlO-tHMI set 


7.2.5 Category tV Engine 

The fourth candidate haseline enpine is the Hl.lO ('atep.rv IV. This new enpine, speeilieally 
desiened for use in the OTV, is based on the HLlO and u.ses HI.IO enpu.e desipn eoneepts where 
possible. It is inlcrchanpeahlc with the HDIO Derivative II.A enpine and has the same o|,eraI.iip 
modes, hut is liphter, shorter, has a hipher •' ''"-''f 

The develo,,ment program for the haseline Catep.ry IV enpiiie desipn consists of M) 
months of desipn fahrieation aiul test effort. This effort eneoinp.isscs ' 1'^' >' ‘‘-■'''ll'’ 
cycles to KK(’- i.e., initial. Preliminary KliphI Conlipiuation (PH » and final f hpht C oiilisura- 
tioi, (Kl-n, The development schedule showinp the major propam nnlestones. key decision 
points, and the total enpine developmciU propram is .shown in fipure .1.1. 1 he lusiliiu 
Catepory IV test plan is shown in Fipure 7-14. 

Major component testinp will he initialed with hiph-i.resMire liie! lurliopnmp and ovuli/er 
tnrhopuinp and hearinp testinp followed l.y low-p,e-uie fuel and ox.d./er pninp. v.iKe and 
i'onirol system testing:. 

Km-ine testinp will he aeconi|,lished in the same manner .is de-er,hel in (he l,.,seln,e 
Derivative HA enpine proPram development and will hep.n in-nths alter stall ol develo|,,iien. 
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A preliminary listinp of the Oosi^m Wrificatifm specification d(»cuments required f(»r the 
design verification (jf the (^atcgory IV en^tine is ^iven l)elow: 

I. Sequenced Valves 

• Fuel Inlet Shutoff Valve 

• ()xi(ii/.£T Inlet Shutoff Valve 

*i. Main i*uel Control 

Pressure- Of )era ted \’alve 

• Oxidizer 'l ank Pressunznti<m N’alve 

• Fuel 'rank Prc'i>\in/Htiifn \’nlve 

• COX ('ontr(»l Valve 

• Oxidizer Flow C’ontro! 

Flifiht Inst runumt ation 

h. Turhopuni};s 

• Fuel I>)W-Speed Inducer 

• MiKh-Pressure Fuel 'I'lirliopump 

• Oxidiz>er I,ow-Speed InduciT 

• Hi^h-F*rcssure Oxidi/er 'Furhopurnp 

h. Thrust Chainher AsM*mhlv 

7. Kxten(lil>le Nit/zle 

• I'lxtt'odilile Noz/le 'I'ranslat in^: Mi'chani>m 

M. COX Heat Kxt liauf:(*r 

'I'orch I^^niier 

p). Pliiinhin^^ and Miscellaneous Hardware 

II. Category I\* I'hifiine. 

I)\'S’s uere not t<irinulated as a part 41 ! 1. * ('att‘^orv I\’ entrme de\ <*inprv‘ ul 
profjratn plan, an estimate of the I)\’S pn»f:ram re(piir<‘meut s \k;i^ made I hi^ wa^ mad<‘ tnan 
DVS recjuirements c<»mparis<in cif the (’atef^ory I\' engine Ct) ili^iirat ion with the eui im cniH’ 
jndf:ment to up;:rade the Derivative IIA en;:me 1)\*S r“t|uir( im nt to a level <oinparahie to 
(’at('f!orv W (‘Ufiiiie D\“S re fiiirements. 'The resulting: D\*S pro;:ram reipurriuenis ni i i’-v.irv lor 
the Cate^'orv I\* enmnc are: 11 .-(piivalent set^ 4>l fiudne hardwart*. S| cii;:m»* luuld- fm» ludna: 
rehiiilds) anil i nline svstein tt^sis. 

It vv as e‘'lim.O' (1 that ahotil <»!♦ namth'^ would hr m-icssarv to a< « 4»inpli*-h thr iM'^rhne 
(‘ateporv l\ 4 ii;:mr D\ S pro‘:r<m) i‘om|)*»m*n1 and eii;:inr drsi^uu tahi;ialion. a'^'.riid »l\ . and 
lest \cr1li4 ,iMoi! »-(jiiirrmi-Mls. 'I hr ajq'ro.n li lor rvtmialmu thr »*lrmrnts .<t 1 hr rn^mr 

drv chtjHurnl [ ■* u osls and ihr rr‘'uh> an* sfiovvn in I't^urr , l.>. 

Six a *;\r I !) nis (for a tola! 4>| htO r n^t nr*', ifu !i i* I in;,: n-huihlst wtr* ^r!«( «n! ha thr trial 
developimmt pro^tam Ahout npiivaliMil i‘ni:inr srt'' of hardware arc nrrdial to -npp' n Hie 
total a>-rtnh!\ atid test jim^ram*' 
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156.6 83.0 73.6 


Costs In Mtllions of 1979 Dollars and Exclude Fee But Include Propellants 

FD 

hi^nrt' 7’ I "} ('tttf ^or\ IV hUT\ t. Pro^rarx Kstimatin^ Appruaih (ind Costs 


Historical HI Jft design. Ial>ric at ion and rc*^! cxpcriciu c formed the basis for estimating the 
duration of the overall baseline (’ategorv l\’ di>\ eloprneni and the number of engine tests 
r<‘(juin'ii. It was esi irtiat ( hI that about )<w k) Ciigme ti‘st s o\ t>r a period of 1 1 mont hs. combined wit h 
a Hti-rnonth design, fabriiation and initial n inpont nt tot peruKl. will benetessary to accomplish 
the baseline C'ategorv IV engine de\eiopmenl jirogram < <bi^H lives. Duration of the overall 
develi»i)ment effort is estimated at SO rm ntlw. Hl.lo engine development to the first KIdO 
rrelirninarv (^aalilieati«»n recpiired ai>ont 1 J<h) i-ngme ti-stv and a fU-numth iievclo[)ment 
program. 

Special test eipiijmient. te^t starui reai 1 1\ at mn. anil ii.odiji( at ions to accomplish the 
baseline ('ategorv l\* engine program were * turned to bi* the >arne as de'-cribed for the baseline 
('afe)tor\ IIA engine program. 

(Iround suppiirt eipiipmmt r» <nMreriu !»i > \m 11 i on^idrr modi! ii ation> to existing (JSK 
designs. New ti.Sf-! will be proMiU-d i> necr-varv and developed eomair retit ly with engine 
development. The (iSK dev eloinnent i^> di v( ribrd m Seetioii 7 tv A listing of these items of 
(iSh. lor t fie ('atrgorv W engim- is ctanained in tfie Opi-rational and Kliglil Support lOan, 

\ oliime HI. I’art J ot tlie final n port ol ihi’ pri’viou^ ''ludv. 

I he propellant and annllarv lluid rr<|'iirrnieni" (or the iMseline ('ategorv IV engine total 
develofunent priigram areestmiattO to hr; 


LH 

piMni.iKin 111 

1.0 

:'M.< H m 111 

L\ 

1 V.IH lOJ KH > til 

(A 

*< h > m k i 

c\\. 

1 H H 1 ( K lo s.. 


7.2.6 Advanced Expander Cycle Engine 

i he fifth liinilidatf haselio*’ rogine tfn- A<h i'.xpamirr ( vile. I fijs new engine, 

spei’if icalK desigm-d lor um- in i h* *)\\ o ti.ot . ! oji t he groun.i rules taken from i fie contrai t 
Statement ol U' >rk isfioun m I obic V !). 
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TAIiLK 7 OTV KN(;iNK KKQl’IKKMKNTS 


TKr rrquirfmanU fur the OTV applicable to a vehicle of the type envisioned have t>een derived from numeroui 

NASA in house and ctmlfacted vehicle and sysleme studie* and are; 

I. The engine will operate un liquid hydrot^en and liquid utyicen prupeiianU 

‘2. Fn|(ine desiitn and materials te(hnolo|cv are to be baaed on I9H0 state «>f the art 

,'i. The engine must lie i spable of atc«»min»»<lating programmed and 'of commanded variations 

in mulure ratio over an 4>prratiiig range ol r>.| to 7 1 during a given intseion I he eflects rtn 
engine oprrati m and lifetime must lie predictable tiver the 4rperating mixture ratio range 

4 The protH-llarit inlet lrm|»eratvjres shall lie Ih-! for the 4nvgen UmisI pump and t7 K*K 
bir llie h\-lr4t'en iKstxt p>o«p 1 he IhhhI pump inlet NTSM at lull thrust shall lie J ft fc^r 
the uxsgen pump an<l IS ft for the h\flr<»gen pump. 

f». The MTVue free life of the engine cannot lie lens than iWt Ktart/i^hutilown rych** 4>r 1? hr 
aiu uniulated run time, and the serx ue life Iwlwreti overhauls 4 annoi l»e less tbun isisi 
Htart/shutdown 4M les or 10 hr n4(umulaled run lime. 1 he I'ngiite shall have prt»iMi>ns l<>r 
ease ol au ess. minimum maintenance, and economical overhaul 

IJ. The engine, when oj>er4*tmg within the nominal prescnlied range of thrust, initlure rain*, 
and pro^iellant inlet t4*n<li1ions shall not incur during its service life ihainlwr pressure 
illation, dislurlijinres, or random spikes greater than ♦ -S'c ol the mean stemiv state 
chamU*r pressure, 

7. I he er-'ine iu>7/le is to lie a contoured lied with an estendible/retractalile section 

H, Kngine gtinbal re4piiremeiils are ^ lb ileg and * li deg in the pitch plane and * b deg in the 
\aw pi. me 

9, The engine is to provide gascMuis hydrc*gen anil oxygen autctgenous presnur i/jitmn lor the 
propellant tanks 

|0 'I he engine is to lie man fated. 


'I hr <h*vt‘lii[)tm itt [irnoram lor lh(‘ l)JiM“line Advimifd Kypanticr ('vrlr (le>iun 

riinsisis id St*i mil <d hiiiric ;tl ton mut trst tdlnrt. I hi^ rlforl riU‘om|i llm t* 

rh-M^n hiiilil tr>l c\< It-s hi I'Ki'; i.t ., iritfial. Prt ln linarv Fliizhl ( 'nnri*;ur.il ion (PFlT .md Fm;il 
Flqihf ( *i»nl Inn ll F('). rit(Mit‘\<*!o()rm*nl m lu*<iulr showing thr nt.'ijor pro^:rnm milrsimu s. 

kcv tlrrisinn points, jtiul ifir totiil piii^inr (It vrlupnu'iit program is shown in Fit^arr 7 lii. 'i'hr 
hast'lim* Ailvanci'd IwpaiuhT rn^inr H(‘si;;n and faliriration s{h(‘dult*> art* shown in 

Fi^urr 7-17. 

\t;ij*4r i'.op»4- ,po;P^ 4. uil! hr ittili.ilrd with li»«^h prr>sufr Itul Uiihopuitip and 

o\i<li/rr tiirh *puinp ;md hi aritui trstin^ lollowcti hv low -prrssiirr Iiirl and o\idi/rr piim[). 
val\4‘ and (ciilr'il '•y^ti-m Ir^lnu; 

!r III'- will hr .k o ani ilishr l in thr sanu* mannrr as drx rilMui isi the h.ot lmr 
hrmaliw- II. \ rii;.:inr program dr\ rbipmoiil and will hr^in .1 i mo niter .start ol dt-w !( *pnu nt . 
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A prrlitmiijrv listm^; ,,t iht* ^ « ritu s|>t-ul u at inn diutimenis mjtiired for <he 

df Nmlh aiinn ot tfu- Ad\arui*d I’Ap.mdtT is ^:i\en Indnu: 

I. SiM^ur-rurd \ > 

• Kin I lull I Sfiut.^n \ ,ilvf 

• t Kidi/rr In!i ! >hu{. H \ 

M.im Kiirl ( otif r».l 
{ I’rr'.>urr- nprralrd \aKi- 

• (Hidi 7 er I .ink I *rf>^nn/ ,i^ i* in \ aKp 

• F a«'l I .ink l’rr'*suri/.i! iHH \ 

• r,()\ (\,nrr..l V..Kr 

• ( Uuli/nr KN iw ( ofir f . .1 


4 . Khi:ht jMii 

• hni'l l,ow Sprid Imhiirr 

• Kind 1 i.r tn {ninip 

• ( )xidi/iT l.n.. SjM i'd indiu . r 

I’r« '^N^j^r nxidi/if I iirix.pijinp 

riirusl rh.imf)* r A*">md d V 

i. KxU’fiilllhf Nn//it* 


® F*xU*nil ihii' \n//M I r.iiis! if iil;^ \Ii*< h.inisni 

Ht af Idxi Imii;„« r 

I nn [} !; 4 fuior 

l^'- 1 loinlnni^ .itid XK'irii.ini'tuj-. H.ircjv^.iri’ 

11. A(l\.imn(l Iwp.indi r t \ Id. jnr 


\hljMiit;h I >\ S's \\rfi* iM*t f 1 -r rii< it. i 1 1 j i-- ,i 
tin ( '^tlln.itt^ til tin I >\ S |iri*;^r.lf!; in, i.i hm >;!■' 
nn*nt> i innp.irKi.n nt tin- \tl\.mt fd I 'tj r (' 

lM<l-mi'Mt to iii>-r.i»ii- the I Nr i\ .»! i , »• |i\ t n, im 
Ailv, nurd 1‘AfMiult T i'vilr t Mi'Mir l»'v s rt ipiifi 
rnrnt^ hn r>^ar'' N>r fhr Adx.nutd l'\f>,nuitr t 
h.irtlu.irr. |(>'^ riuinr huiM'v iii'tlutlif ; n-inld 
rn^^inr'. Mni .i f»»lal nl 1><> t l otid- md t« li 

pri'iiruin. Alumi M ri|ui\.ilrni rju.iur t*t 

.i-'^rnddx ,ind fi“-t onniMins 

If I'liinnrtI .ill. Ml! ,11. 1 
Niiv .nil I'd I’Ai undi r rn-irj,- I 's t»:.i,iiM 

.i'*"rnih[\ . ,md li-st vrnhi.ifU'n im ni 

lll"lnru ,il l\Ll“ «ir-l:;n. f.ilru ,f : r- .ir ‘ 

I lu ill n nl *n!| I T< t }).. |,\ , f ,(ii I'.oi Is i;t \,s t . I i , . 
rmjnr tr-l'. riipmrtj h U.I-^ •-tniiiiid lt,ti .iIh 
ttnidiifird vuili ,1 nut df'r.:h. l.il'iu ..fii.n .md mi 
tn ;u I Ofiipli di tiu- linr Ad\.in,i i{ l\ \p.nuit i ( > 

IHO 


I'.iri <*i ihr rnriiK* dr\ rinpnunii proi^ram 
A n in.idi*. riiix was madr from I)\'S mpiire- 
. I »• r»i;:inr t unhunratuni with tlu> rn^inrenr.^' 
1 S MM juirrfiirnl -s in a lr\rl l omparaldt to 
II I Mitv. Ihr rrsidun^ DV.S pm^T.ini rr<|uire* 
\tl» tn^inr .irr l > ripnx.dtaU srts ot en|;iiu* 
.nid 7't(J rnf:n>r sv>.!< in trsis. Ki;,dil actur 
nliK* urrr ''flriltd tt»r I hr Int.d dt \ rl< ipiurnt 
Midvx.tM* art‘ nrrdrd m sufipnrt ifu* lotal 

I lit lu I r"«ar\ (<» .u 1 1 iinphvh if,,- hasrlinr 
tmiip.iMi in and rn;jnr <ir^i-li. taiiriral ion. 

tApiriimr lurnud flu h.io- Inr (ntimatin- 
•' l» ^ ' w !f dr \ ( I. ipnu i.f and i iu niimhrr <.( 

' I ' ‘1 I f.-iii, ii -i^ ,.\ir ,1 prrii'd I't ,M I mo. 
Ii.i! t'lnifMiMt Ml {( n pt ruid. uili Im- muTssary 
.1 It i n^nu- dr\( liipiia m priM;r. nu i >1) in t i\ rs. 
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Duration nt overall develtipmenl effort is estimated at 89 nn>. RLlO en^jine developmenl to 
the lirst HLlO Prelirtimarv (Juahluation required uhttut iL’tH) engine te^ts and a 
deveU»pnienl t)rt»^'ram. 

Special lest e(|ulpment, test stand reactivatii>n. and intKlifuatiuns t»» accomplish Mu‘ 
Jt.iscline Advanced Kxpander t'ycle en-ine pro^iratn were assumed to be the same as descrthed 
tiir the iuseline t'ale>ii>ry IIA engine prt»j:r im. 

('iround vuppnr! co iipmenl rctpiiremeiits will ciinsider modtricatums to existing (',SK 
de-i;:ns New (ISK will be provided as netcssary and deveh>ped c» utirrently with engine 
dt \eb>pnienl. 'I he C.SK deM‘lopniei\t i> descrtbed m Setfon b. A listing of tlie>e items ot (iSK 
lor the ('alt^or\ IV i*n^:ttie is tontainetl m the Operational and Klitrhl SuptxTt iSan. 

Volume II. Tart J ot the Imal np<»rt ot tin* previous stitdy. and are simil.tr t<» thttse items 
rcipiind bv tlir Adv ant'd Kvp.ituier ( vib‘ Kfi^'inr 

riie priipellant and ant illarv nuid rt tpiirt merit s lor iht* baseline Advaie ed Kx').i:i(!-r 
( vile engine total cb vtdopment pr»>j;ram ire estinuited to be: 


I.H 

i l.lVithtMUl Ih 

1,0 

|<hOlKh!KKt 111 

I.N 

•jLhtMMt.lHH) lb 

ON 

srf 

fill. 

stf 


7,3 DESIGN VERIFICATION SPECIFICATIONS 

7.3.1 G«n«rat 

I h'sii^n Veri! it al »n Spt*t a! it at loiis < D\ S V i .tnplu.iblt' in r hr I hTiv .at i \ r 1 1 -\ .anil 1 1 H i a> j nu' 
pfoi^rarrw form ^ he |o\irulat ion upon vs hich t lie KnLint' I H-va lopmeni i'rorram Pl.tie can r>r h tv» I 
1'hr IAS’s ^prntv tht‘ dr^ii^n rt tpiinunents and tlu' reipiirrment^ lor vrntvmu tlu> 

Hoiitine coniponeni and enuinr !ea''il»ihry and )^ar^i\^.aM> rctjuirriTtriu 

and other mi^i t-lianrous ti -.fin^ and liardware re(|mri“nu nt m addition ii« the I )\'S r»‘i|;.irr 
menlN. are not im liuirti in the individual D\ S's. 

7.3.2 DVS Development 

Knndamenfal perff>finaiu i* t rileria. tontained in an Kncim OKI Spta ilu .it ion. Intrifair 
('oMtrol I lociiment or An.dvlical ,-\p ilv>is prov itie i he <ie-!t:n retpiirenu tn " to drvol.ip da- rnL.nnr 
and rii^nre rneetim: the mivsii.n n <{uirem» nt'- KiiL:me (’Kl Spia it u .ii ion ti. uf noi lu en 
lonnulatrd tor the dtrivative KI.Mi enj'ines. ^o n>e i> madt' ot the timdan nual pt a tor ■-.nu e 
triiena lont.untal in the Preliminarv InlerJ.iit* ('oi.fro! Doenment. Ibi'^r 'mr I lu: !)rtin’ii-ii 

Doeuinent -ind othi r .appla dhte doenrnrnt >. sm h .'W the I\bb*A ' > Nbul^ i Sp»a it u .I'r a 

‘JJboA Smei' l hr I 'V SS a-t d m 1 hi-^ >Mid\ .are pralimiiMr v :n n.it i no bn a- ; -i * ! ;*ro.-r.i v; i- 

'•tndv f>hii»e. comno-K .p ,m,| engine tlf«-u;n thai" tar i** ei 'icep! n.i 1. h» n. . -t imi ;!>a ' 1 

vpet ilir.it ion \ i a tv .. d.ihlo d'!u 1 >\'S ntut .iin the j »m! i iin iia • \ data lu a t--'ar\ t o e-t a b! ; - h - > 

}>ei |orm am i‘ ,ind dr'i::n rc< jinreincn! for the eM::ine .uid ea< li tnaior t omp,.!u -o \\ n, ,i,u i ati 
no! .i\a, hr 'o. the tap an nuuit-' wria- I'HD fi.ised on thi' a^^nrnpi nai tin’ a o r«anriu - it-a ''".r 

know n. t hi' l lil > > v.oi be in< or por.it t d . I A ,S s { : n t hiT d» , r i f le du* a p. ,, j , • \ i i ■ t ; < . • ; -i 
V erilit .It ion tt-sK and li.irdware reijuiretni rit". analvlual <onrl»tion <j (hi.o; >i (jmh* oi, !.* . < . 
etiuinr perlorm.anrc and operatiiu: requirements, and nterri !a» londnp' }*!■'( ’ .n >l ] |i 

r«’« juireinent.s, Tfu* I >\ .S provide^ nfereiua^ to '^upportiu^ or r.o\tanini; rh' i.eu t:’n r- d 

,ind sub'-^t ant i.b ( " d» -iLti a-'-n mpt ions, te^l mellruiv. and .urdtiual 
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HtirinK the prpviotis stuHy effort, preliminitry DVS\s were formulated for the I>erivative 
IIA iiiui IIH onK'ino contiKuratiom, A listing- of the DVS's that are anticipated for the 
herivalive IIC. rateuory IV and Advan. »■<! Kx|mndi r fycle enKines is [irovided in Section 
I.H.4, f.H.o, and 7..*rt), respect ivelv. 

I en individtinl preliminary DVS's were prept red for the engine component such as thrust 
chamlK*r assernhiy. set|uenced and jirt ssure operated valves, fuel pump, etc., and for the 
engine. For a list t.t these DVS's reler l),ii k to I'ahie 7-'J. 

I Ota! de\eIopiiu‘nt plartning ellori !->r tin* Kl.lo Derivative engines a'xNorned that redesign 
and revenlication i> retpiired 1'he 40 , redc-vjgrj eii,,rt cstinj;,te (*»r the Derivative HA and MM 
engiMo was ha^ed .>n the dillereme .4 the dev elopinent expeneiue «»t previfiuv HMO engine 
(lt*v elopimnt program^ and the e^timatt* i*f the D\'S pn^grains. hi an on-gtiing engine 
deveh^pment progran\ tfie lnrinid.it mn nt i ev eriln ai inn ti*>! program^ rt'ipnred fnr v fritii at ion of 
loinpiinen! tMigitie refit“'igns i'. haM‘<l nn .in asM ssmenf n| the nngmal de^xign and \ erilication. 
Kev eritii at ion test prograniv. would re<piire h<»tli FWV A and (Jnvernnient apprnval Inrantlmritv 
to proceed. 


( ontrol n| tin* hardw ire <<aifigmat mn ii'-ed during veriticalinn is the respt ,nsihilit v ot the 
apphcahle D\’S iVnieri i a-gineer. and is mniiiinred l>v th<‘ < 'nntigurai mn Management 
Orgar-.i/at inn. 

D\Ss initiated hv a I^niject/Design Kiiginet‘ring 1'eam are revised through a Configura- 
tion Managenuuit System when the preliminary implication is removed from the DVS's. This 
providi^.s a common svstem tor D\*S\ Kngineering C'hange Notices Engineering 

Heleases (KK). Engine Model Specification (’hange Notices (SCN), and Interface Revision 
Notices tlKN). and also provides the iiHiTna! interlace to keep the DVS current with the total 
rettulrements. I he method iise<l to geiuraie, lontrol, and update the.se specifications is 
illustrated in Figure 7- IS. 
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7^.3 DV8 Conalruction 

7.3. JL I $0eiica L Scopm 

This section sets the hounds of applicability of the DV^S. It consisu of purpose, lisle the 
major seclicms, and provide* a statement that each desiRn requirement is keyed to a 
verification melht>d through a “Cross Reference Index.” it further specifies the DVSa 
relationship to the Program Development Plan. 

7.3. X2 S0cUon H, AppiicBbls Oocc;rn#n/a 

This section is to he determined later. When completed it will contaiit n list »»l .tpplicahle 
dcKuments r# IVronred in the text of the 0\*S. The list is cnt<*gori/ed as tnllows: 

1 . Specirica! ions 

2. Standards 

iV Drawings 

4. Handbooks and Manuals 

0. Other. 

7.3. 3. 3 ^0cticn UL R0quir0mMtB 

The requirements section consists of the following live sul)sectii>ns: 

1. Performance — This subsection consists of functional characteristics both 
primary and secondary, ojH'rahility in terms of maintainability, failsafe 
design, useful life, environmental and safety criteria 

2. CEI Dellnition — This subsection c<»nsists of interface recpiiremcnfs 

3. Design and Construction — This subsection c<msists of general design 
features, selection and review of specifications and standards, materials and 
processes, interchangeability and replaccaliility, manufacturing prr>cess. 
electromagnetic, inlerface/susccptibility and identification and marking 
requirements 

4. Reliability As>urance — This .subsection states that the component engine 
shall he subject to design review, FMKCA and test and malfunction analysis 
requirements 

h. Qualit\ Assurance — This subsection states that cornpements/engine shall l)e 
designed such that material, fabrication prcH*esses. cleanliness c<mtrols and 
tests mav he inspec ted, and ^»r verified in accordance with (Quality Assurance 
re(|uirements. 

7.3.3. 4 Soction IV, Verification of Requirementa 

3’his sc-c'tion spc’cifies the test criteria rccpiired to verify thc‘ design requircMiients presentc^H 
in Section III of tlu‘ 1)\'S. It is divided into the following seveui maior suhseclions: 

1. Verification lest and Evaluation ~ This consists of MTillcation f>rogram 
description and control, control task definitions and vc^nheation c-omplete 
documentat ion 
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2. Analysis -> This sectic*n spcciHes the dosijjn requirements verifiration by 
analysis 

8. Hardware Ins|)ertinn 'Hus seilinn spetilies the dt*sij:n and construction 
and cpiality assurance re<pjircmcnts veriluatitm bv inspection 

4. I^I>oratory or Bench Tests 'rhis secti<m specifies the secondary per- 
formance and o|H*rntumal cfiarncten^t ics and o|H'ral)dily requirements 
verif icat if»n by labtirator> <-r beiu li tcstinjj 

.* 0 . Subsystems Hot -Fire Tests 'I'ljis section sjH’cifies the primary |)cr- 
formance and o[)erational characteristics, secondary perlormance and 
ofHTational characterist h s. (i[)erahi!ii v, interlace and j:eneral desi^jn featvire 
re(|uirements l>\ subsystem lv»i lire tests 

<>. Kr.^rine H<ot Fire Tests riii'- section spei itjes the priinarv perr<ormance and 
*i|H‘ral ional characteristics. se(«>ndar\ perltormance and o[i<Tati<»nal charac- 
teristics. operability. inUTlaie and ^:eneral (iesi^:n features requirements by 
enjjine hot dire tests 

7. Flight ('erl ification This set t ion specilies the certilu ations demonstration 
and lli^ht cert il'ical ion doi umentatmn reijuiremenls veritlcation. 

7.4 SUMMARY OF TEST FACILITIES 

7.4.1 Facilities at Government Products Division (GPD) 

(ilM) lias ifiirtecM exi'^tiii;^ test stands, an instrumentation and ijjnition laboratory, 
humiilily < liainber. ^iinb.i! stand, vibraii.m tabh s (small and lar^el an<i test support services 
planned lor utilization in the O'l'V engine deM*lo|>ment pro^rc.m Five ol these test stands can 
be Used without inoditn .ilions Iti accomplisli the planned testing. 'Ihe reniainin;: eij{ht test 
stands will require nuxliluat ion lor this pro;^ram. Detail part, component subassemlilies, 
component assemfilies and engines will be tested <m these test stands. Additiimal tests are 
plariiu'd to be coruluct(*d fiy Koi ke! .Asseinlily, (Ju.ilits Assurance, and Materials Development 
I .aboratorv. 

'The function and (apability ol each test stand is summarized in d'ahle 7-d. 

7.4.2 Government Facilities 

NAS.A ^:round rules for the previous study ( N.ASS- J.snHp) called Tor testing of HLIO 
eiii^ines with larj.:i‘ area r.ilm no//|r t'xfenslons In be aci'omplished <»llsite from (’»I*D F'or 
tdannin^ purfioses. tb<* d d lest reil in tlie l*ai^:me iVst Facility of the Arnold F.nj^it ecrinj; 
De\eh»pnu‘nt (’<*nter was assumed to lie ,»\ailabh‘. 

lest ( ell d d is a \e*tital t(‘s| ,i il in whu h roi krt propulsion s\stems up to lb 

thrust, or i'M^ines with a niaxiMuiin iii-zzle exit ilianuder ol I(HI ui.. art* testt‘d undt*r simulated 
lii;;fra!t it 1 1< le < i mdit ions. I he lest it-ll is eapabit- nt lestiii^ (ompUnt* lli^^ht wei^,dit inissilt* stages 
or spat t-cr.i! t . 1 ht* larj.*est ol two axailalile test capsules ( IS fiv III It) is etjuijipeil uilh nitrogen 
tMMiled panels lor simulating low lein|»eral urt* t n\iromm*nts in addition to lou pressures. Space 
pro|ml>ion system^ up t<» :U> ft In Itai^th aia\ he tested in the catisule. 
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TABLK 7 4. CPD TEST STAND UTILIZATION 


f>77; Stand .Vo 


K-7 


Hi: 


HI 


H Jl 
H n 

H _»1 

H 

H ‘t 


r, 4 


(;r> 


i, v\ 


Sf.MKi 


Hiifiiultiv 4'h.imlM-r 




Ih '-i n ptt <n t \f 

SimulrtU*(l nllitudr tn \i ri(\ 4 r^'jnr M|>f r.ti i.^n |H*rt->rm.inn- ,i In^-h .tn ,i 

raf K^hnasl pri-^urt*> «>l n M p^ia. ii I o jiihI 1 ! |t<.ui,in 

he HMnirud nt ‘«lnri tank he;nl icllr thr\i-f. in.menvennt: nllei .uul iull 

ihriist, 1 1 \ i*l\ •N« rd'< minor ami ttvKhlit .iiiont 

Simulrtled all a ihU* tf't> ittNi-rifx 4-nt;mi- vji«ri urut 4 r / 4 -r-i t*r.i\ iT\ 

Htrtnm (I 4 a)»; ifi‘\ will iiu lufk> *.u}M'rhirMrfl \ ajii *f '■.liiir.iii-il \a|»..r. «. iliirairtllMpiMl. 

. /» n* M’SM. ami vula.^.leH hf|inH M in M MSM S,mnlai.-4 irnf^ to v,-rtl\ m-HM- 
M|H ratj<*n ami |ierf<Tnjani v with a trunratrcl hi;;h an a nil i.. t \l t-ml.Mi- K\h,i.i^i 

pn-*-*>iir4's i>( OHM |wia o i pvi,j .mil o |>^f i , ati.itm-fl .*i >r,iri tank hi .nl nUi- 

ihnol. mam MX « riM;: *|Mim|MMl ifl!i-i thrn-t and (nil thf«i>i rr>.|Ha t i\iK iVtiil tn.nor 
rrat Tival n'ti iiiul imxlitn a| nmi 

I.ow nml h»j:h pn—^urr .iMch/rr pump tDirtv Hi\i I|\ an,! rat 4 ::.rfv |\ i \*.r 

riMjiuri'd for Ih'rtvaiHi- |)H iNtaaK maR>r n aitixationi 

I.4IW l< ,itia!or\ l\ I am! hii;h pri‘>-iirf h\ilr,*j;in pump i< ‘.iii »r\ 1\ .iiw! 

hernaliM* IIA * \<‘l n-cjuiriMl lor Ih rixniiM IIH iVi-i*c!>. m.iior ft a, tnaiLmi 

I i*m|ieralure pmUr lalihraiam at rr\oj:4>nn i<-in|N‘ratiir(*'' ino nimhtn ii nai i 

i.upiid h\(!ro^«-n hi .inn;: and *>ral lest*. al i o|H-r.if mt: irmiH-raiur, - .md i d- 

i\i‘t*d’» maior ri a< fixation i 

\ hKi' < ahhr.'itioMo With wali-r .It 1 low., in |tMi ; pm am! pn-'—nn Oi |hh }>^i i \ i » d- in.iior 
reartival i*»t»i 

\ filxe «r\o^;rnif lAiliiu' atn! vatu i.dthralioiw with vx.ifnr .if llow^ |.i Hhi ;,'pm and 
prf'o-urr" to 7 ’*h p-t iNud" m.ii'-r n-aitivaiioni 

I hni^t ihamlnr o-nh i;:miir hoi tirnij,' t4-|. at rnuitir 4.|H‘ralmi; K'ndiiion. ( I), a, 
fivati'd. vmII iir«-d m.iior rrc umoI m< l mn i 

\ alxiv c aldmilioiw with Initml nit o.^'oti .0 (]• uk to JJ*. ^:pin .md pn -'un-'. to ‘ij*, p.,, ( 
tnoditii ation'<l 

I hru-l 4i.nl rol , rxoj;»fn4 i alihr.il tonv vvnh. niif..;:, n and i:.|v#.oik h* Iimtm .d ll ■n- 

In It J(i v,},„. .11 pn--m.- lo INU p.| am! Jtuo p., r,-.p,.»fu, u i modifn at io,,u 

\ alu- h .ikatrr ralihr.ition will; .;.iv, jniro;;in and In Iinni at tl .w> t.. 7u muni 

^uin. at pri-s^iin - to 1 ''HH p.| and :*hh»i p.j. r.-p,,i.\tlv «tm. tnoddn at lon^i 

IntiM lor rahhration. with wah r jit ll.avs to j:pm am! im-.xiin - |o -\<i p., . 
ntoditn ntions) 

Nonfiring gimitaling eeparateiy in the pilrh and yaw ptanea; ainuaoidiil wave aignal 
input to actuatora al integral frequennea from 1 to 30 Hz. (Needa lo be reactivated.) 

Siilt <tt ino'.pliiTi' t(***tinc ol HI, Id rn;;im with i.mirollid txaier. '..df, .mil .inllmv. 
im ludirit: dfx hulh wi t hnlli Irmpi r.itiin* n-i order i omroller i Need^ to b»- r*-.n 1 1 \ iii d i 


Sm.dl Tnliie 


L;ir«;i* 'Viildr 


\nlu- nnd n.m|>.'ni tu \thr;it oii te^iin*: MH M.kIi I ( >pi \ilif,»tio,| , \i tti r .it 
fri'qm>mi,-H of .% to ;>fK»n ||/ .me Kone output i> .'^ti-iH |t> jN-ak -im i\ied^ h. in- 
n til ttuHi fit 

(’iimpleie ♦ lu-ine h. i /oninl or \« rtn nl le.tm;: ••v \!H M.^iel I' Ht \ dn itmu 

rxetter .it Intpn tu n •. ol in tiiHKi 1 1/ Kon e oiii.ai t- IT'mi 11, p, ,k -im 


The .I-.'l complex is (■(luippcd lor l.oth iirul .'.(KX) psi h.im'oii. ht lium .|or;i:;o. ,i p.i 

KIISCOIIS iiilro”cn store;,'.', iind nitrogen dcw.ir. Stor.iuf lor li.|m.l prop. Il.o. - 

includes Ii(|iiid owp'cn. In drociirhon (iicls. :md slornliic <ixidi/ors nnd lu. K ;ind ;i iliki-d niil >p'ir 
for li.piid hvdro-cn si,,,;.;;... Itiuh c;.p,i. ,tv. nien.n .dnolulc li'-cr'. ;.r.' iiwl.dicd m 1 1.,' 
propellant systems to m.iintain pnrtietdate .'onlnmimil ion ill low levels. 


An inpliice n-ncmeter ciilihriilion system is inslidled in t.olli the oxidi/er .ind tm i v.-irm'. 
lo pr.ivide Howmeler c idilimtioiis in Ihe proper llmfl medi;. m the proper pre.^ur.'^ ,md 
tcmiieriit ores usin,; t he lest feed line eoidiei ir.it ion. The reipiired moihlic;il lom to .1 I le-i nil to 
permit leslin;; o| engines with hi;;h exp;insi..n r.ili... exiendihle no//|es ..| l.uce exit urea h ive not 
<'onsi(ii-n‘(i in this sltidw 
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7.5 GROUMD SUPPORT EQUIP^SNT DEVELOPMENT PROGRAM 

7.5.1 G^nersi 

New ground stjpport equipment ((ISK) for engine development programs must he develttped 
conrurrently with engine devehjpment to ensure compntihility between engine and 
ftnu tions. Milestones for new (^SK development should be inteerated with engine development 
milest(»nes when an ongoing pn^gram is identified, tltat (ISK will he pnwided for training and 
supf>orl of the first flight tl^Fri engines to he d<‘li\ered as well as tor oiK>rational (KFCl engines. 
New (ISK development must be an integral part (if engine mnnutacluring and testing. 

The (iSK items were presented in the Design Study of HI. 10 DenvatiNes (Final Ret>ort. 
FK*(Vdl Oj>erational and Flight Sut>|M>rt Flan, \dlunu* II. Part and are identified as existing 
and new (ISK. 'fhese ilems are classifk-d into lour major gr(uips. 

1. Meehaniral Kquipment W renches, ((u ers. kits. etc. 

2. Kleet rival FI(juit>nient ~ Fleet rival vhevKout vonsoles 

3. !ns))evti(m K(|uipment lioresvoties, leak cI**tevlors. etc. 

4- Handling Kquipmen! Mainienanve stands, slings, adapters, engine 
transfvirters. etv. 

7.5.2 Identification of How Requirements 

Design layout r«*views are vonduvt(‘d informally during the d(*sign and formally at the 
vomt>U‘t ion (tf t f)(* design io identify any ru*w (I.SK requirements Kngine ( ISK d(*sign v(H»rdination 
and review is vonduvted l<» achieve tfie billowing obiec lives. 

7,5.21 

Klirninalitai of (ISK re(|iiireinenls. where possible and practical, is a design cdiiective. 
Kngine ((unpoiuuils and parts that n*(|uire servicing, inspection. i»r maintename are designed t«» 
make use of standard tfK»ls insteaci o| re<)uiring special wreiu hes. pullers, fixtures, etc. W’hen the 
engine design features which would he retjuired to eliminare otherwise lU'eded (ISK signific ant ly 
affect engine wiught. manufacturing comph xity or cost, tiade studies are c<mducted l(> determine 
the Ix'st course of ac tion. 

7.5.2.2 

W’here ( liminat ion of (ISK re(tuirements is iinpossihU* or is shown to he imtiriu t i( al hv a 
trade sludv. design ( (jordinat ion and huout rev iews serve to ideniifv the (ISK nHjUiremenls and 
assure cornpat ilul it y (•! I he (ISK wit b f he engine. Kngine desigi^ layout rev iew> hv t lie engineering 
learn res|s»nMhl{* for the d(‘\clopnienl of (ISK. tiu* enginec rnig teaiiiN. re'-ponsihle for ih{‘ engine 
dfweloprmuit, and the !I.S-(I.SK team responsible t«>r the use and sutip<»rt of (I.Sl^ in the field 
ensure the recpiiremenls for (ISK are kept as siinph* as pn<>ihle. and conipatahilitv of (ISK i^ 
ensured with operational requirements. 

F'ollowing the dr^sign layout reviews, a maintenam c engiruaTing analvsis i^ condmted on 
each maintenance signilic.anl engine item to identilv tin* maintenania* ta'-ks. labor skills recpiirt d 
and fooling needed, and to formally doi iimeni each (ISFI retiuirc rnenf . 
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New nSE requirements having been identified, a survey nf existing Government and P&WA 
equipment would be conducted to determine if there is anv available equipment which can 
Rntisfaciorily be used to meet these new GSE requirements. 

During the screening process the pr»ssibilitv of using off-the shelf. commercially available 
equipment will also be reviewed as an alternative to rntnlifying existing equipment. 'T he purpose 
of the screening prepress is to avoid the design and development of new e<|uif)ment w-henever 
|)ossible. thereby reducing program costs. 

7.S.4 DMign or Modificallon 


Where new (’.SR requirements h«ve been idenlined which ciinnoi he (ulfillcd hy exist in}> 
equipment or the modific.ition -.f existinj: eciuiprneiit. the design of new .-.p.ipmenl is reipnred. 

With desicn (ipproHch selection of a particular item of f.SR. and with p.eliminnrv drawintrs 
complete, a Preliiuinnrv nesign Review (|»[)R| would be conducted with NASA. 

7.5.5 DovolopmonI 

The construction of new GSR hardware is planned tinder the direction of the Development 
Group. This equipment is put in use durinc the etqjine development proernm and must he 
developed with the engine. F’erformance of ihe proioivpe GSR during the engine development 
proffram i>ermi's hn^’incennc to evaluate equipment desi^rn and effectiveness. When develop- 
ment ex|K>rienre imiii ales chanj;e is required. GiSR designs are modified and these tnodifu ations 
are inror|x.ra[ed in the prototype hardware (or further evaluation. Where <;SR is required 
prmarily for niH'rationnl use. and iisape in Ihe engine development pro(;ram din-s not pnn ide an 

adequate op|xirtunily for evaluation, special tests are planned and executed hv the Rnnineerine 
Group. 

New fiSP. items requiring significant development eftbrt would be developed to meet the 
sitecific oixralinnal requirements determined ami verified hv the Intir'-al.d D.>;istirs Supp..rt 
Rrou|)s, to provide ehcekout of the enttine systems and «nmponenl.s. and to provide readv handlini; 
and transjxirtation of the engine. 

New (iSR items, such as handling devices, slings, maintenance stands, helium and nitrogen 
supplies. ttKils. wrenches, and inspeelion eipiipment taken individuallv have relatively small 
development irnpael. Where possible they are developed eomurrentlv with similar equipment 
retjuired in the developmeiil program. 

7.6 OTHER END ITEMS AND SPECIAL TASKS 


•rehminary program planning estimates inelutle one full si/e mo, kep of the ( flA’ . neine to 
he fahru aled and kept at P&WA Gl>|). 1, will he i„. dated hv ineorporat mg the latent emnne 
design configurations and proposed configuration changes and engine handling , ,,uipmeni will he 
checked. A s,.,ond mo, kup o| the latest configuration ,s planned 1„r .i,.|,verv to t he ( hn ernment 
THD moi.di from go-ahead to he used for cheek, a.t of engin,. han.lling .•.piipment, insiallal mn 


During the design nf the O'l'V* engine, (he new p.'irts 
of the engine are designed. Service and field openitinns 
design tn asMire that they are cnmpatilile with pmpMsed 


re(piir(‘d lur pre.-ervini: and 
engineers provide their inputs tn ‘ia- 
fiSh and handling f'(juipment . 
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reusability of these HevUes firovides for a cttst effective pntjfram. since the engine 
assembly protection ami certain jiat km^ devues will be used in the developnu’nt phases to ship 
and |)reserve en^tines bein^ transferred Irorn the emtiiu* asstnntily area to the test tncililies. 'Fhe 
transfer ('f comtKments tor the development engines trom the assembly area to the test facilities 
is aisfr involved, Knv iroomental prelection will also be provided l< the engines durinii 
trans|)t.rtin^. handling:, and storing of the ctimitonenls and enKines to prevent mechanical 
damai:e and chernietd deterioration that could jtoparrij/e engine reliability. 

All new jireservation. packaging and shipping devices. f<»r both com|H»nents and the 
cmnplete engine assembly, ivill he designed and tested during the development phases. Mefliods 
of handiling and trans|K»rtatiop should l>e estaiilislu‘d early to provide Cfist effect ive t)roti>ction for 
engines and supjiort items over the pn»gram lile cvcie. 

Services, hardware, and supplies repiured toionduct a |M>tential capahiiitv and adaptabili- 
ty jirogram i->r the ti'IA' engine lor altiriiate <»r future spate missions are not estimated m these 
jirngram planning estimates. Suth f'stirnates would lie furnished should tliere he such 
retjuirenients in an ongoing prf>grarn. ^a^k assignimmls wmild be in. but not limited to, the 
following art*as: 

1. I*erb>rmance Investigations 

2 , 'recluvilogy !m e.s( igal ions and Kxploratory 'Fests 

■F Vehit le and (ISH Systems igat ions 

4. Kngineering AnaKsis and Feasiliility Studies 
a. Engine Solutions to Vehicle-Originated Erfdilems. 

7.7 VEHICLE DESIGN AND TEST COORDINATION 

7.7.1 Gonerat 

During tlie devt-lopment ot the Orinlal 'l’ran>fer Vefiitle engine, questions and problems 
are expet led to ari>e whit fi will allt t t both the velut le (tmlractt>r in the dexehtpmenl of the 
vehit le and the N.ASA in the operation of tiu* () FV. 'Flu* twerall systems engineering apprtiach 
needetl !t> makt‘ tlu‘ 0'F\' an operational sticcess retpiires the ctmipletc cttttrdinalion of all 
matter^ that afiec! the Itttal svNtem. Kngineering trade studies on I lie engine cannot be 
unilaterallv seltleti but mii>t lake into tnusiderat i<»n ibt' interactM»ns ^>e veliiile and the 
ueetls n| th<* (ioMTumeot as itu* U‘'t-r. t iwtire direel aiul accurate lines ot ». timmunical ion, a 
R'am tif <*ngineering i tMtr<lmalors are planned lt»r this t^ffort in an ongoing program. 

7.7.1. 1 Change Coordination 

l\et]uir(‘inent ( 'oordina! um (Irtnip In Id etiginet rs will lx* in residence at the (lovernment 
lat ilitie^ and the \i hu le conlracltu > fat ihtit s. and will ttmlatt tfiese centers tm a conlinutius 
lia>is to ensure' a direct link with l*t!v\\ A (itwrrmnenl PrtKiiicts Division, (’lose c tiordinal ion 
IxUween resident e ngineers and the ( ) F\’ Program is maintained ihrtnigh tlie Hi cjuirernents 
( ’otirdi lat ion (Iroup and Program Faiginei rmg, 

As^ignnu‘nt oi a ( i PI) in - htuisi* Intertace ( 'o< ird imilt a u ii lun I he Hecpiinnu'nt s ( *i mrdinat ion 
( Iroufi planned \n fiandle <*ach center ot field at t i \ ii \ . He resoKc*- prohletUN a^stu iated w ith 1 he 
(hwernment opi*rat ions center or vehicle' emit rat tors t hrough tlu* I’nKiint Support Engineer and 
appropriate (Jovernmeni \ehiele jxTsomiel. 'Flie Iniirlaie ( *tM»rdmator will lie revpnnsible for 
re*ce'iving t>roble*in^ or tpiotimi't trom the field and a'-*'igning inleTual aelion re*'ponsil>ilii h>r 
rapid re.*'poMse to the field. He will aI>o he re*sp«»n>ihU' tor action m the rexer'^e* flirection wlu'n 
re'quire'tnenls exist for information frtun ilu* field to support tiu' O'I'V engine program. 
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In perform mjc these tasks, the Interface Cofirdinator will work ver>' closely with Projiram 
EnRineerlnR to ensure the proper res|K)nse to both field and interna! information re<piiremeiUs. 
Or^anirations such as Desi^jn, System Analysis, Materials, Integrated I^»j:istirs Sup|)ort (II.Si, 
Maintenance, and l^liability are the source of both the data to be suttphed to the Held and 
P&WA requirements for data. Program EnKineoring will work with the Interlace ('«K>rdinaiors in 
both tyt>e5 of activity. The Interfitcc CV)ordinut(ir and Systems Enj:ineerinK internet to enable 
data flow, assisting; Proffram Management to make the re<piired decisions with Ifenefit of 
visibility of p^>ssible impact on vehicle and engine integration When the need for change arises 
in the Interface Coninj) Dfveument or Engine Model Speclticatit»n in the ongoini: program. 
Program Engineering will initiate change prot»osals through a cnntiguration control svstem. 

V0hicl0/Engin9 Integration 

Of the many items requiring ccHirdinntion between PA^WA and the vehicle contractor, 
none is more im^xirtanl tlian the integration nt the engine with the vehicle system. 1'hough 
control documents specify many requirements and interfaces, past engine installation ex- 
perience has required an effective ciKirdinalion effort to maintain design and hardware 
schedule dales, I’he Field Engineers will c<H>rdinate the details of engine installation, including 
continual updating of the engine installation rnockups at the vehicle contracltir's plants. Minor 
configuration change jtKirdinaiion in either engine or vehicle that lead to a l>e?ter and more 
maintainable engine installation is planned through the Field Pmgineer. During the ongoing 
program, engine checkout [innedures and vehide cfieckout procedures involving the engine, to 
be published in the contrarl«>r’s technical publicali<ins, are to be supplied, reviewed, and 
ccHirdinated a.s necessary by the Field Engineer. 

A principal tool to be used to handle interface inbirmation will l>e the same CtMirdinalion 
Sheet pr<K'edure used during the initial study phases. It is used to transmit questions and 
replies between P\\VA and the NASA or the vehicle contractor. I'he coordination sheet will 
also serve as a control document to make sure all retpiests are answered. 

All P&'WA support ellort which would be supplied to if.e O'lA' program o|>era!i.)nal sites 
will be under the direction of the P&WA Site Rri)resentati\ e 1'he l*\W.^ su|);»<»rt team will be 
tailored to the needs of the program activity at the site and will supplv both logistual and 
technical support. 

lyigisticnl sup|7ort functions that are |)!anned to In* lurnishcd in jin (*ngoing o|>eralional 
program will irjclude the warehousing and inventory control of supp<irt [>arts. |M*rforinance of 
engine maintenance on installed engines, support for the o[M‘raiioii of a site engine shop to 
perform second-level maintenance, ojH»raIion and maintenance o! (*ngine flSE. and assistance to 
the vehicle contractor on engine installation and removal. IWWA wtniid provide qualified 
personnel for engine inspection for qualilv c«mtro| of engine w<vrk accoinplisbetl f»nsite or on 
engines and components received at flic site. Field Service Fh'presental ive> fnmi l’\’WA. cntuc.l 
component vendors, and (ISK specialists are planned to l>e part ot the logistical team tc» preside 
technical advice, tai the-joli training, and inlorniatmn lor disc refiancv rejiortmg. 

'IVc’hnical siqiport during i>p< ralions will be sui>plicd liv Fie ld Enginrer^ Performame 
Engineers. Instrumentation F-aigineers. and Data Keduction Anaivsts. Review <»f engine data 
from both functional and fx rformance ‘^laiulfminls wcaild hv accomplished at the site or when 
more detaih fl analysis is recpiired: Ihc^ site te«*hnjca! personnel will transmit the d.it.i to the 
Development Engineering (Iroup at l‘^:WA;<;iM). Results of 1\V.\VA investigations on 

either engine data or material from the operational site will ho reported hack lo interested 
NAS.A and vehicle contractor tiersonnel at the site hy R\ W A l c < hnu .d advic e ami as-istam e 
on engine installali(»n. interface, and operaticmal proldc-nis wtniId l»e supplied hy the R^W.A 
Field Knginec rs. 
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(’mirciinalion of all en^^ine activity at the site with the vehicle contractor and the NASA 
will Ih* the resjxjnsihility of the I*&WA Field Kn^jineer. It is anticipated that prior to the start 
of (fperations at the site, an Ass<K*iate (\>nlractur Agreeroent (ACA) would be completed 
l>elw'een F&VVA and the vehicle cont factor (s). This document would specify the areas of 
operation and task * c«'>onsthilities in all areas of engine/vehicle interface, such as installed 
engine maintenance and reduction of engme flight data recorded on the vehicle on-board 
rei'order. P&WA completed such agreements on previous programs and found it very helpful 
l{> use this approach in avoiding overlaps or oversights in interfacing areas of responsibility. Bv 
completing the ACA prior tti the start of operations at a site, it would he possible for P&VVA to 
spe(iliially tailor the site support service and makeup to meet program needs. 

7.7.2 Support Sorvicos 

Some of ifu* services that are piiinned to be supplied at each o^>erational site by F&VVA in 
an ong(»ing pr«>;tram are re\iewc‘d in the following paragraphs. 

7.7.2. 1 I #ir#/ ModiticsticnB, Repair and Maintananca 

Field level engine modificntions. repair, and maintenance at the op>erational sifc.s could be 
accomplished hy F^lfWA technicians and inspectors under the sut>er\ision of the P&WA Field 
Service |{e|>resentatives. 'Fhough engine tec hnuians supplied hy NASA, the vehicle contractor, 
ora third party are planned to he trained and supported hy P&WA Servit e Representatives at the 
site. I*A-U’A engine technicians and inspectors could be used at the start of ojierations and 
continue until o|H*rational eapahility has been established. This ajjproach has an advantage 
during the ground and High! test |>r(»gram when (‘ngine maintenance prcKcdures. operating 
proirdures, iind l(*chnical puhlirations are being validated lUnd revised. Technicians working 
directlv for the engine rnanularturer have direct lines of communication re;>ort dis<Tei>ancies 
and receive instructions for c«irrective aciion. I’sing this afiproach on the SH-71 MT>H Program. 
PAW.A was able to uncover and correct opera! ional-tvt>e |)rohleins much sooner and more 
corn pie! el v tlian is normal in a new vehicle t)rogram. 

Maintenance on installed engines would be accomplished in keeping with the agreements 
comt>!eiecl with the* vehicle contr.ictor in <he AsscH'iate (7»ntraclc*r Agrt’ement. Maintenance on 
uninstalled enginc‘s and flSF' would he accomplished in a site engine shop bv the engine 
Ic'chnicians ;ind ins|H‘ctors. 

7.7. 2.2 Chackout and Oparation of DaNvarad Hardwara 

Assistance to the vehicle cemt factor in the checkout and optTaiion of the engine will he 
pro\ idee! hy the engine maintenance team sut)por!ed h\- a Field S(*r\ ice Heprescaitative and Ficdd 
Kngiru'er. Kngine-oi ienlccl vc*hicle c-ontrac tor personnel should attend one of the engine training 
programs prior to operations, hut emsite training and tec hnical assistance* will 1)0 available from 
the* 1\A\VA personnel. 

7.T.2.3 Removal and Replacement Documentation for Engine and GSE 

Remov al and replacc-menl of engine and ( ISK c omponents lor maintc n.ince or repair will fa* 
acecunplishecl by tin* engine maintenance’ team u>ing cioc umentat ion recpiirccl and agreed to in 
the Assoc iale reaUrai tor Agrecunent ;iiicl approved hv the (lovernment . ( 'onfigur.it ion acc ounting 
and cloenmen! at ion rc'spcaisihility would be* assumed bv the* engine maintenance team lor items 
under llieir control for maintenance or repair. 
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T./^4 Pispirting md Sc^wdufing 

Participation in enjjine and vehicle planning' nnd s( hedidin^; activities for maintenance and 
operation would be the res|X)nsibility of the P^ W’A Site Representative. 

T//^5 Product tntogrily SurvoiUsncm 

FVoduct integrity surveillance of e^soriated en>:ine, GSK, and \ ehide interface tasks would 
l>e supplied by the inspectors in the engine mnintenamc learn or in special rases hv Field 
Kn^ineers for all work accomplished by the er^une inainienaiu c team On work at cnrnpli>hecf hv 
other than the engine maintenance team, tpiality tontrol surveillame assistance would he 
supplied. Details <»f product inte^:rity responsi!>il;tv in engine \ehu init rlace areas would he 
spelled tnit in the Associate Contractor Agreement to av*»id jrjieration fi ronlu>i»»n. 

7 . 7.^.5 Di$cr 0 pnncy Foltowup 

Kngine, or engine OSK material found discrepant, will he the subject of an investigati4m 
at the site hy the Field Service Fiepresentative and Field Kngineer. After completion of the 
Itical investigation, the material, with the invest igation findings, will be lorwarded to the 
Service Investigation (iroup at P&WA/OPF) for further review', as necessary, with the O'FV 
Development Kngineering Oroup. Results of the findings of either an onsite or engine factory 
investigation of engine discrepant material would l>e reported to the (iovernment. The same 
informalitm will be supjdied to the (Jovernment and vehicle contractor personnel onsite by the 
P&WA Site Representative. 

/,7.Z7 Bnginm Ftight Data Requirementa 

Kngine (trienieri t iuiwmmications. tracking, and tiala aetjuisilion required hv P&WA are 
minimal and lisleii in tiie preliminary Inlerfote ('ontr<»l Document. 'I’hough there are about N 
selected par.an*<*ters on the taigine wliit h will supply inlttrrnaf ion on the engine’s operation and 
ctindition. all of tliese can he sttired on the Orbital d'ransfer \’ehiile flight rectjrder for study 
after a flight. Sf)eci il antf extra engine in?>lrunu*ntat ion will he retpiired for a few of the early 
flights during the (»perational program. The retrieval of data from this flight te^l engine 
instrumentalitui mav f»e act omplished hy an on lioard magnetic tape rect>rder. Vehicle conlrai 
tors generally < xpect to accept engine*sup|>lied data on their on-hoard flight recorders and 
plan to he res|>onsihIe lor delivering the data reduced from rec<»rder tapes, to the engine 
contractor after each flight. In keeping with the vehicle contractor plans, T&WA would not 
anticipate needing electronic tiata redut titm etiuiinnenl at the site location. If required. Data 
Analysts, Rerf(»nnance J^ngiruers, and Field Kngineers from the 07V Kngineering 

Supt)ort 7'eam wamld assi.>t in proce.ssing the lliglit test data supplied hy the vehicle data 
people after ea<h flight and make the results available to the ('lovernmcnl and vehicle 
engineers on the site. 
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SECTION 8 
CONCLUSIONS 

1. I'he RMO and ils derivatives are the only high performance upner stage engines that can 
l>e i»peratmnal m the l^ho's. 

2. 'I'he RIJO derivative engine has a specific impulse within 4'* of all OT\' advanced 
etigines. 

HI JO fi< rivative engines can provide the highest demo'^strated reliabiiity for O'FV 
appllt ations. 

1. An expander cycle engine is inherently more reliable than a staged-combuslion cycle 
eiigim* Kf»r example, the single burn demi>nstrated reliabJily <»f •‘he advanced*expander 
i\ile engine coiisidered in this study is estimated to he (at FFC) while the 

sta^:e<I combustion cycle engifie is estimated to have demonstrated a reliability of 0.9898 
(at FF('). 

o 'I'here is no signifitant performance difference between advanced-expander and 
staged combustion ( \‘cle engines. 

0. 'I'he expander r ycle engine |>rov ides as much potential for performance grow th as a 
staged ( ombust ion cyi le engine for OTV applications. 

7 A liigli tfuust t'xpander r vcle engine pn»vidcs grKKl performance and long life at low' 
ifirus! oper.iling ((»ndilions with no need for killing. 

S. There is a sul)slantial difference in development c(»st between the advanced -expander 
( VI le and staged (‘<»mbu>lion cycle engines. 
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SECTIOU 9 

RECOWM5MOATION8 


1. 


X 


4. 


Work should l)« initiated on RLIO derival ivo enpines to support a 1987 OTV operational 
capability.* 


Further OTV system definition work should l>e accomplished to Iretter define en- 
pine/vehi( le mlertace requirements and sensitivities in areas such as low thrust operating 
requirements and lull thrust NPSH Ie\els. 


Comoonent technology programs should he initiated in composite 

Cham )er/no//le and fuel turl.opurrp areas leading to a data base on laese critical items 
on which an advanced-expander cycle engine design can lie based. 

The staged-comhustion cvcle should Ik- dropped from further consideration for advanced 
OTV ntHilications due to its complexity, higher cost, lower reliability and no significant 
performance difference when compared to an advanced-expander cycle engine. 


•See f*WA TPSO 80V HI.IO/RI.IO Detiviitive Kne.ne fr..jram for the IH80*. 3 March 1980. 
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